A Process for Making a Patterned Metal Oxide Structure Technical Field 5The present invention

generally relates to a process for making a patterned metal oxide structure. Background Optical
lithography has been established as a 10 cost-effective method for developing nanopatterns with
feature dimensions of more than 100 nm. Such processes for developing nanostructures are also

commonly termeg nanoimeent lipogsaphy, Aiemaliye methods Jor Sopliolled patierning in the -
nanoscale rarge (’lrn 75 parficular fess tan 1 8 hr)are generaal y inatficient and cost meffective.
These methods (e.g. electron beam lithography) require large initial capital outlays and have low
throughput rates. This is especially true &or tt%% chriat‘?gfpg edﬁgse patterns over substrates with 20
relatively larger areas. While conventionaf Iit ography methods (e.g. photolithography) can be relied

upon fér low-cost feibeicatiers of impmvenoltdsHogpatteras Withrdihrernsonsgreaterdbas the nanoscale

range (in particular more than 100000, qjds RYSsessing 28 nanpleatures require at the same time,
the use of réfative y exp%nsiv% met od%. n general, nanoimprint lithography involves a
- top-down lithographic method for the development of 30 nanostructures. The method can be employed

to generate patterns with resolutions far sufackgs eomgentional lithographic techniqgues. Commonly,

nanoimprint lithography hods.ca ified intp thre in i thermoplastic,
photo nanoimprint 35 Iithrgg%alp(ﬂ%/%ar?dggfgé omce{ﬁ%nc%%gr{int%;@ %%%E%@%TE '
nanoidfprinthags lithegFstyiteehritpicbions fdiawn pépuiatinpdaian arneaietmtafs of tidating
nanopatte—rr?e#g regh to.conventionaklithagraphy-means, 8 Sqame af these gisadvantages inherent
in the latter include the need to replace costly consumables, high error rates and the limitation to
approximatélga 1deve kqiiéationTtFRiee HEsiFsd b ateris e OWhiewelcHsRpR d)funtfdigifetaloxide

nanoimprint  lithography. rlternative methods for
controlled patterning in the nanoscale  range {in
15 particular less than 100 nm) are generally inefficient
and cost iheffective.'These methods {(e.g. electron beam
lithography) reguire large initial capital outlays and
have low throughput rates. This is especially true for
the writing of dense patterns over substrates with
20 relatively larger areas. While conventional lithography
methods (e.g. photolithography) can be relied upon for
low-cost fabrication of imprint_molds for patterns with
dimensions gfeater than the nanoscale range (in
particular mora than 100 nm) , molds possessing
25 nancfeatures reguire at the same time; the use of

relatively expensive methods.

In general, nanoimprint lithography involves a

top-down lithographic method for the development of

30 nanostructures. The method can be employed to generate
| patterns with resolutions far superior to conventional
lithographic techniques. Commonly, nancimprint
lithography methods can be classified into three main
categories, mnamely, thermoplastic, photo nanoimprint

35  lithography, and electrochemical nanoimprinting methods.



nanostructures developed through the lithography process are much desired in view of their large
potential in commercial applications, many technical difficulties have been apparent in the pursuit of
highly efficient and 15 reliable methods of developing such metal oxide features. For example, in
cases where chemical formulations comprising different forms of acrylates have been considered, the
stability of the formulation is generally poor, due to the tendency for some of the components to 20
- experience early, thdesiredquotymeritation irlthehitkogreiphic peadessgAecoldiagly,aherk is a need to

provide suitable lithographic processes which will provide the efficient 25 and cost-effective
developmeﬁf’ & u%]ét%lﬁl mé%al oxide nanabgb%?tlrcrfeg [%glf%vergcl)en%ﬁg or at eastcgfnéé%iéo%%ng the
technical diffeouttisstard-disadeantages describedrabovei Soaimdry30Arcerdiig realfigst aspect,

ihere i proyided a prpcess Jucnaling apateied inetal e shuctye oqprisingdve step o

heating an imprint structure comprising a polymerized organometallic compound to remove organic
material andthéredy formesaidpadteried metalaxile strsdtite, wivateltelisprintBtglture is formed

by polymerizing 4 resistomixturg cemprising:atleasione olefinic Bolymerizahlecompgung and a
polymerizable organometallic compound having at least one Carboxylate of Foimula 1: Formula 1 10
wherein n ig¢pl2 emtlicuctPR ishedefrpdeaty BéleEridfom the group consisting of hydrogen, alkyl,

alkenyl, alkynyl, cycloalkyl, cycloakenyl, aryl, and aralkyl; or at least one acetoacetate of Formula 2:
15Formula 2
10 While well-defined, functional metal” = oxide

nanostructures developed through the Iithography procéss
are much desired in view of their large potential in
commercial applicationsg, many technical difficulties have
been appafent in the pursuit of highly efficient and
15  reliable methods of developing such metal oxide features.
For example, in cases where chemical formulations
comprising different forms o¢f acrylates have Dbeen
considered, the stability of the formulation is generally
poor, due to the tendency for some of the components to
20  experience early, undesired polymerization  in  the

lithographic process.

Accordingly, there is a need to provide suitable
lithographic processes Which will provide the efficient

25 and cost-effective development of functional metal oxide
nanoparticles by overcoming or at least ameliorating the

technical difficulties and disadvantages described above.

Summary
30 According to a first aspect, there is provided a
process for making a patterned metal oxide structure
comprising the step of heating an dimprint structure
comprising a polymerized organometallic compound to

remove organic material and thereby form said patterned



wherein mis 0-12; nis 0-12; A is -(C=0)- or a bond; B is -(CR2)m0-, -(CR2CR20).-, or a bond; and
each R is independently selected from the group consisting of hydrogen, alkyl, alkenyl, alkynyl,
cycloalkyl, 20 cycloakenyl; aryl, and aralkyl. According to a second aspect, there is provided a
process for making a patterned metal oxide structure comprisjng the steps of; 25(a) polymerizing a
resist mixtd?g,t\ﬁpliIe%&c%%taa:%ﬁﬁtauﬁ%ld Raving ﬁpr%?gorrﬁl pat ernss% f %(r:é%(lnl,)?o thereby foim an
imprint strugtiraeomprsingdhenetinerzed orgasemetallie temposnd; sajskresistgnixdure comprising
at least oniolefinic 30@%ymer' ablecompoun andaggl%/%qizable Oor}clganorgetallic 8ompound

: a

carboxylat SPESrmURE hali %ei‘trfelé:st ohe’ oerm_u whereli n s -1 ;an%neach Ris

independenitylselecteddrom the geoupnearsisting afdwdrogeh, Aty radkeny|, biemy|, ayeloalkyl,

cycloakenyl, aryl, and aralkyl: or at least one acetoacetate of 10Formula 2: Formula 2 wherein m is
0-12; nlgis o‘szr;%Ei@’- E56) o 4 ormita L -
R 0
R# ot
R R '

n

Formula 1
10 wherein n is 1-12; and each R is independently selected
from the group cohsisting‘ of hydrogen, alkyl, alkenyl,
‘alkynyl,” cycloalkyl, cycloak@nyl, aryl, and aralkyl; or

at least one acetoacetate of Formula 2:

o ©
RR] R
./ B
R Q" A N
R R
15 & Formula 2
wherein m is 0-12; n is 0-12; A is -(C=0)- or a bond; B
is - {CR;)x0-, =~ (CR,CR;0)p-, ©r a bond; and each R is

independently selected from the group consisting of
hydrogen, alkyl, alkenyl, alkynvyi, cycloalkyl,
20 c¢ycloakenyl, aryl, and aralkyl.

According to a second aspect, there is provided a
process for making a patterned metal oxide structure
comprising the steps of:

25 (a) polymerizing a resist wmixture, while in contact
with a mold having imprint forming patterns thereon,
to thereby form an imprint structure comprising the
polymerized organometallic compound, said resist
mixture comprising at least one olefinic

30 polymerizable compound and a polymerizable



bond; B is -(CR2).0-, - (CR2CR20),"-, or a bond; and 15each R is independently selected from the
group consisting of hydrogen, alkyl, alkenyl, alkynyl, cycloalkyl, cycloakenyl, aryl, and aralkyl; and (b)
heating said imprint structure to remove organic material and thereby form said patterned 20metal
oxide structure. Accordin q third asp ect, there is provjded a process for f%|m| a plurality of
patterned metal ox.Eg%ﬁJ&‘F%&? %prlsmgmfﬁ% &t&ps ogig%gﬁgpolyﬁﬁ%nzw?geg Fesist r%&?ure while in
contact with a moldaaving/ihaprintddrrsingnpatteris thereon, to thereby form an imprint structure
comprising the polymerized organometallic compound on a first area of a substrate, said resist mixture
comprising at 30least one olefinic polymerizable compound and a polymerizable organometallic
compound having at least one carboxylate of Formuld1: 5 Formula 1 wherein

5 Formula 1
wherein n is 1-12; and each R is independently
selected from the group consisting of hydrogen,
alkyl, alkenyl, alkynyl, cycloalkyl, cycloakenyl,

aryl, and aralkyl; or at least one acetoacetate of

10 Formula 2:
O,I \\O.
RR R
) B
R 0 AN TN R
R R
Formula 2
wherein m is 0-12; n is 0-12; A is -(C=0)- or a
bond; B is (CRﬂ aO-, -~ {CR,CR.0)n-, or a bond; and
15 each R is 1ndependently' selected from the group

consisting of hydrogen, alkyl, alkenyl, alkynyi,
cycloalkyl, cycloakenyl, afyl, and aralkyl; and

(b)  heating said imprint structure to remove
organic material and thereby form said patterned

20 metal oxide structure.

According to a thirxd aspect, there 1is provided a
process for forming a plurality of patterned metal oxide
structures comprising the steps of:

25 (a) polymerizing a resist mixture, while in contact
with a mold having imprint forming patterns thereon,
to thereby form an imprint structure comprising the
polymerized organometallic compound on a first area
of a substrate, said resist mixture comprising at

30 least one olefinic polymerizable compound and a



nis 1-12; and each R is independently selected from the group consisting of hydrogen, alkyl, alkenyl,
alkynyl, 10cycloalkyl, cycloakenyl, aryl, and aralkyl; or at least one acet,oacetate of Formula 2:
Foitnula 2 wherein 15m is 0-12; n is 0-12; A is -(C=0)- or a bond; B is -(CR2)mO0-, - (CR2CR20)m--, or
a bond; and each R is indepen nﬂysebcuxiﬁo't% jroup_consisting of n, alkyl, alkenyl, 20
alkynyl, cycloalkyl,p(é’?é@génzy (,%)g'r?/l, and %‘%ﬂﬂeﬁ% ?e%ng sal L?r(%%r%rg{t stﬁj%%r}?g&on s%lf'd first area to
remove organic ma¢eriat andethepetiyofoklizadd pdttétnsttwigtaloxide structure on said first area; and
25(c) repeating steps (a) and (b) on a second area of said substrate in order to form said plurality of
patterned metal oxide structures throughout the substrate. Definitions  The following words and
terms used herein shall have the meaning indigated: $The term "nanoimprinting" is to be interpreted

R _

5 ' Formula 1
wherein
n is 1-12; and
each R 1is independently selected from the group
congisting of hydrogen, alkyl, alkenyl, aikynyl,
10 cycloalkyl, cycloakenyl, aryl, and aralkyl; or at

least one acetoacetate of Formula 2:

o o - R
RR
A/ B
R o A i
R R
Formula 2
wherein
15 m is 0-12;
n is 0-12;
A is -{C=0)- or a bond; B is -(CR:)x0-, =~ {CR3CR;0)q~,

or a bond; and each R ig independently selected from
the group consisting of hydrogen, alkyl, alkenyl,
20 alkynyl, cycloalkyl, cycloakenyl, aryl, and aralkyl;
{(b) heating said imprint structure on said first
area to remoﬁe .organic material and thereby form
said patterned metal oxide structure on said first
area; and N |
25 {c) repeating steps (a) and (b) on a second area of
said substrate in oxder to form said plurality of
patterned metal oxide structures throughout the

substrate.



broadly to include any method for printing or creating a pattern or structure on the microscale and/or
nanoscale size range on the surface of a substrate by contacting a mold with the defined pattern or
structure on the surface 10 at certain temperatures and pressures.  The term "imprint" and B
grammatical variations thereof, in the context go,f this specification, is intended to cover any form of
physical structure that has 15 been made 83‘7 TRH* 1375ically, an imprint is a generally elongate
structure that exterds fram 1be stifaceetis sahsiratealend.a dahgittdinah axis:eXtending between a
proximal end disposed on ar ,'acetnt#? the substrate and a distal end opposite to the proximal end.
Typically, thé*30T6AYIIEnAT KIS R Gdhierally normal relative to a planar axis of the substrate although
the longitudinal axis may be generally parallel relative to a planar axis of the substrate or may be
varied significantly such as at an ‘angle of 45 from a planar axis of the subsftrate. 25 In an array of
. . (=5 t%rrq Il Ild)lm%rln 1T} LS Lo e 4T eﬁfe}:e% -
imprints that havebeen orderly formed as a seriés of rows and columns on a Substrate; trenches may
be formed betweththeadjaceht dows Themmpnintiméy bepir the hagosealecaremicioscale size range
- both in their Iené;th dimension and:thickness irkrgension and h(ince the 30 trenches may also be in the
attern OF striucture = crosca &, AN/ 0T Nano Caal.l.f'.
nanoscale 6f micro-scale size range. e terms "micro-sizéd", "microscale™ or the like are to be

inteipreted ol imeludengrey dimenisionstheizre inthe rangescfaioait ¥myenaboatit@o pm. The term
microstrucires g ped ereln.Tefers 'aImpUNLStuclues comprising. rigte-sized . ot microscale
features. 5 he terms "nano-sized”, "fanoscale" or the like are to be interpreted to include any
dimeriflonsathatars: bélow abpareriTae tafd "nassstiicdsres” as used herein, are imprint
-structures comprising "nano-sized" or 10 "nanoscale" or "submicron" features. The term
"spin-coating" as used herein generally refers to a process wherein a polymer solution is dispersed on
a surface (e.g., a fietd) ahgthe sutfteRYS 15 Tapi@pSpurssamiifilghfis forciig ¥ié 5dloxien to spread

out and forming a thin layer of de;solvated pglymeg in thepracess,/As used hierelp the term "alkyl

group” includes 20 within its meaning monovalent ("alkyl") and divalent ("alkylene"] straight chain or
branched chaitessiahté® afphaic GBtps AaTing froPh 16 AD cFBENatoHS, égialt 21884, 5, 6, 7, 8,

9, or @ cargop, atams. FRLexampleathetep alkyhincludes; ptisHiotiimiteddenmeshly
elongate structure that extends from the surface of a
substrate aléﬁg a longitudinal axis extending between a
prdximal end disposed on or adjacent to the substrate and
a distal end opposite to the proximal end. Typically, the

20 longitudinal axis is generally normal relative to a
planar axis of the substrate although the longitudinal
aXis may be generally parallel relativeitéha planar axis
of the gubstrate or may be varied significantly such as
at an angle of 45° from a planar axis of the substrate.

25 In an array of imprints that have been orderly formed as
a series of rows and columns on a substrate, trenches may
be formed between the adjacent rows. The imprint may be
in the nanoscale or micro-scale gize range'bOth in their
length dimension and thickness dimension, and hence the

30 trenches may also be in the nanoscale or micro-scale size

range.

The terms “micro-sized”, "microscale" oxr the like

are to be interpreted to include any dimensions that are



25 ethyl, 1-propyl, isopropyl, 1-butyl, 2-butyl, isobutyl, tert-but'y‘l-;' amyl, 1,2-dimethylpropyl,
1,1-dimethylpropyl, pentyl, isopentyl, hexyl, 4-methylpentyl, 1-methylpentyl, 2-methylpentyl,
3-methylpentyl, 2,2-dimethylbutyl, 3,3- dimethylbutyl, 1,2-dimethylbutyl, 1,3-dimethylbutyl, 30
1,2,2-trimethylp [, 1,1,2-trimeth g?oro yl..2- ethylpentyl, 3-ethylpentyl, heptyl, 1-methylhexyl, 2,2-
dimethylpeRtyl, g@d%ﬁ?&ﬂ%pé’rﬁyl? ,%}-}‘gimleth&ggnt&o{i%%e hyﬁggwt{jﬁl,s-&?neﬁneyﬁyé“entyL 1,4-
dimethylperityl, & 23 drmethytioatyl, 1, 42- trisssthylbatyé iyl 3-trimdtmdbutiyh 5-rethyleptyl, 1-
methylheptyl, octyl, nonyl, decyl, and the like., . The term "alkenyl group,, includes wjthin its meaning
monovalen%f"jé %I%f/ﬁfgnd (ﬁ%ﬁ% ﬁ'éﬁ(%nyler?é"ggt?ai%ﬁ% or rancﬁ%ad chénlﬁcurn%%%&rifed aliphatic
hydrocarbohegroups$aving from 2 to 10 carbon atoms, eg, 2, 3, 4, 5, 6, 7, 8, 9, or 10 carbon atoms
and haying at least one double bond, of either E, Z, cis or trans 10 stereochemistry where applicable,
anywhere in the alkyl chain. Examples of alkenyl groups include but are not limited to ethenyl, vinyl,

allyl, 1-methylvinyRtie prepenyl, 2propenyiz 2afiethyRRpropenyle 2-methylHpropehyl, 24ritenyl,
2-butenyl, 3-putentyl i%%é’%ﬁibé*&ae%e”¥'c1'&%ﬁ%@'psﬁﬁ?“%ﬁﬁ%@%ﬁé* paateny e

1,3-pentadienyl, 2,4-pentadienyl, 1,4- pentadienyl, 3-methyl-2-butenyl, 1-hexenyl, 2-hexenyl, 3-
hexenyl, 1,8$exedieiyt L 4-RexatienylT 2emetryiBentens Astieptetiyy 2sHeptentyl '34éptenyl, 1- 20

octenyl, 1-nonenyl, 1-decenyl, and the like, . The term.ralkynyl groun’ s used hesein includes within

its meaning monovalent ("alkynyl") and divalent ("alkynylene") straight or branched chain unsaturated
25 alipRatic"FRREESAHLR grotps FabMGTGH 2 - E&®DN atoms and having at least one triple bond
anywhere in the carbon chain. Examples of alkynyl groups include but are not limited to ethynyl,
1-propynyl, 1-butynyl, 2-butynyl, 1-methyl-2-butynyl, 3-methyl-|-but;‘/1nyl, 1-pentynyl, 1- 30 hexynyl,

methylpentynyl, 1-R8ftyriyE ZhepSRYE 16 iHyE 2-08§nyh Aehonie T /isey iyt ifierthedike.  The

- term "cycloalkyl-as usesl hereinyefrsda cyglicesaturated alighatisrroups anddneiydes within its
meaningmonovalent("cycloalkyl"),anddivalent .
dispersed on a surface (e.g., a mold} and the surface is
15 rapidly spun centrifugally forcing the solution to spread
out and forming a thin layer of de-sclvated polymer in

the process.

As used herein, the term *alkyl group® includes

20. within its meaning monovalent (“aikyl”) and divalent
(“alkylene”) straight chain or branched chain saturated
aliphatic groups having from 1 to 10 carbon atoms, eg, 1,

2, 3, 4, 5, 6, 7, 8, 9, or 10 éarbon atomg. For example,

the term alkyl includes, but is not limited to, methyl,

25 ethyl, 1-propyl, isopropyi, l-butyl, 2-butyl, isobutyl,
- tert-butyl, amyl, 1,2-dimethylpropyl, i,l—dimethylpropyl}
pentyl, isopentyl, hexyl, 4umethylpentyl, 1-methylpentyl,
2-methylipentyl, 3-methylpentyl, 2,2-dimethylbutyl, 3,3-
dimethylbutyl, 1,2mdimethylbuty2, ~ 1,3-dimethylbutyl,

30 1,2,2-trimethylpropyl, 1,%1,2-trimethylpropyl, 2~
ethylpentyl, 3-ethylpentyl, heptyl, 1-methylhexyl, 2,2-
dimethylpentyl, 3,3-dimethylpentyl, 4,4-dimethylpentyl,
1,2-dimethylpentvyi, 1,3-dimethylpentyl, 1,4-
dimethylpentyl, 1,2,3-trimethylbutyl, 1,1,2-



("cycloalkylene"), saturated, monocyclic, bicyclic, polycyclic or fused polycyclic hydrocarbon radicals
having from 3 to 10 carbon atoms, eqg, 3, 4, 5, 6, 7, 8,59, or 10 carbon atoms. Examples of cycloalkyl
groups include but are not limited to cyclopropyl, 2- methylcyclopropyl, cyclobutyl, cyclopentyl, 2-

methylcyclcgfgé)gg%mgﬁéﬁ%clo&eﬂtyg [ dgr%%}%ﬂ% %qi %mllike.glo tP‘{{E%%erQw :;Larorriqtic group"”, or

variants su éne" ‘as’'dse S mMonovalent t"ary J‘:)’ and’ divalent ("arylene")
single, polynscleal Jeanjydated anglfusedxediduesof/dronsatit ydrotadtbens 15 having from 6 to 10
carbon atoms. Examples of such groups include phenyl, biphenyl, naphthyl, phenanthrenyl, and the
like. The term "aralkyl" as used herein, includes within 20 its meaning monovalent ("aryl") and divalent
("arylene"), singleTpelynactear <bnfugatedrandfuseirarbmatis hyditdcarbar: radicais attgched to
divalent, saturated, straight and_branched chain alkylene radicals. 25The term "optionally substituted”
as use% herein Cr)ﬁ?edal’?lesp?tﬁlfwge ar u%qtg%vwgh {his téar?r(?refegslr‘ﬁ%g %tunsu&)s% u SE,Y@rer%%bee substituted
with one orshereigrioups indeperdemlyrsafected faimalkyliadanytatieryl, thibaiky toyeloalkyl,

cycloalken%%ﬁgggg%::g%@@%alaa%rggxyé%%oazlk)g ha#%al%%%mdgw&isalkcg%, thioalkoxy,

alkenyloxy OXY, oXy, nitro, amino, nltroa?ky, nitroalkenyl, nitroalkynyf,”
nitrohetero@ycly,.alkylamino dialky|&min®, atkenyamireladikyngteprino aasy| Fakemgy | at

alkynoyl,acylamipo digeylaming Acylexy, alkylaifforvaxyhetegocysloxy heteragycleamino,
haloheterocycloalkyl,alkylsulfenyl,alkylcarbonyloxy, alkylthio, acylthio, phosphorus-containing groups

such &8 5 phoSpROSS amd PHESPHRTT GryRPRieF6aR L lky RIFIWBRYMetefoaRficcyahéydyanate,
isocyanate .G (NHe@lyl:, 30d -GEIN(qlkuliz Thewprdesubsiantially“daesnolexclude:
limited to . ethenyl, wvinyl, allyl, 1l-methylvinyl, 1-
propenyl, 2-propenyl, 2-methyl-l-propenyl, 2-methyl-1-
propenyl, l-butenyl, 2-butenyl, 3-butentyl, 1,3-
15 Dbutadienyl, l-pentenyl, 2-pententvyl, 3-pentenyl, 4-
pentenyl, 1,3-pentadienyl, 2,4 -pentadienyl, 1,4-
pentadienyl, B—methyl—z—butenyl, i~hexenyl, 2~hexeny1; 3-
hexenyl, 1,3-hexadienyl, 1,4-hexadienyl, 2-
methylpentenyl, 1l-heptenyl, 2—hept@ﬁty1, 3-heptenyi, 1-
20  octenyl, l-nonenyl, 1—decéﬁyl, and the like.

The term "alkynyl group" as used herein. includes
within its meaning monovalent (Malkynyl”) and divalent
{(Malkynylene”) ‘sﬁraight or branched chain unsaturated

25 alipha%ic'ﬁydfoéarbon groups having from 2 to 10 carbon
atoms and haVing at least one triple bond anywhere in the
carbon chain. Examples of alkynyl groups include but are
not limited to ethynyl, I-propynyl, l-butynyl, 2-butynyl,
l-methyl-2-butynyl, 3-methyl-l-butynyl, l-pentynyl, 1-

30  hexynyl, methylpentynyl, l-heptynyl, 2-heptynyl, 1-
octynyl, 2-octynyl, l-nonyl, l-decynyl, and the like.

The term “cycloalkyl” as wused herein refers to

cyclic saturated aliphatic groups and includes within its



10 "completely” e.g. a composition which is "substantially free" from Y may be completely free from Y.
Where necessary, the word "substantially” may be omitted from the definition of the invention.
15Unless specified otherwise, the terms. "comprising” and "comprise”, and grammatical variants
thereof, are intended to represent "open" or }in ve! e%;gg#ape suc t they | cited
elements but gfsuérb%rmit Pr?%?uos‘fgr% 0 gdditioﬁa , %ﬁ%e%?te elements. %{@ As éég%%%?ﬁ the term
"about", in thcgantextiofconcefitrationsseficomgeriénts ofthedosmdlatiens, tydicalimeans +/- 5% of
_the stated value, mate. typically +/z.4% of t , mar { - 25.3% stated value,
more typicﬁ[cfll;i¥ﬁy2%%éihe %%late(f blaslf%(g el-\%sr?L g e%%%%amﬂ-%ﬂf’%%?%]%stat%(%/%ég%and even.
more typicdlying.5% ofithe stated ValkmrBOThratighsut ti6i distlostire, Tert&in embddiments may be
disclosed in,a ragge fofmal. . sheuld be ypdersipad, hal e, descyelioninange osmgs is merely for
convenience and brevity and should not be construed as an inflexible limitation on the scope of the
disclosed ramgésidiccoreliigly, #redesBMition dfB idRge shblld bEXHHIREPERY for have specifically
disclosed all the, 9@?@@@%@1@5 as well aspdjyigyal num%yghggjg%%wthin that sgange. For
example, description“of a 5 range such as from 1 to 6 should be considered to have specifically
disclosed suBfhiigey sdaPasom 1 H-RFidhy 14 21 ARREd 5, fIGHT 26 ¥rbm 238%, from 3 to 6
etc., as well gs indjyidual numbers within that range, for example, 1, 2, 3, 4, 5, and 6. This applies 10

regardless of the breadth of the range. Disclosure of Optional Embodiments Exemplary,
non-likfiting embodiments of a process for 15 making a patterned metal oxide structure will now be
The term “arcmatic group”, or variants such as

“aryl” or “arylene” as used herein refers to monovalent
(“aryiﬁ) and divalent (Marylene”) single, polynuclear,
conjugated and fused residues of aromatic hydrocaréons

15 having from 6 to 10 carbon atoms. Examples of such
groups include phenyl, biphenyl, naphthyl, phenanthrenyl,
and the like.

The term “aralkyl” as used herein, includes within

20 its meaning monovalent {“aryl”) and divalent (farylene"),
éingle, polynuéleaz, conjugated and fused aromatic
hydrocarbon radicals attached to divalent, saturated,

gstraight and branched chain alkylene radicals.

25 The term “optionally substituted” as used herein
means the group to which this term refers may be
unsubstituted, or may be substituted with one or more
groups independently selected from alkyl, alkenyl,
alkynyl, thioalkyl, cycloalkyl, cycloalkenyl,

30 heterocycloalkyl, hale, carboxyl, haloalkyl, haloalkynyl,
rhydroxyl, alkoxy, thiocalkoxy, alkenyloxy, haloalkoxy,
haloalkenyloxy, nitro, amino, nitroalkyl, nitroalkenyl,
nitroalkynyl, nitroheterocyclyl, alkylamino,

dialkylamino, alkenylamine, alkynylaminoc, acyl, alkenoyl,



disclosed. In one aspect, the process may comprise the step of heating an imprint structuré
comprising a polymerized 20 organometallic compound to remove organic material and thereby form
said patterned metal oxide structure, wherein the imprint structure is formed by polymerizing a resist

mixture comprising at least one olefinic merizable com nd and a polymerlz ble organometallic
25 compou‘fﬁg}w Ay at least or?«t.-cg;f%%xyfgte of Formujla(i q)‘?ormucfai | whereifi 7 %?L 3’2 and each R

is indepen@lﬁlymhaoiedfmme groupaemsrstmgcdfda%drogen alkylealkenyl] 8araikymyl, cycloalkyl,
cycloakeny], and aralk st one Formula 2: Fo muI 2 .wherein in is
Q-12; nis Ohf;%k? e(EO{C‘)\‘)/ (lj[ ‘Bis - (@ﬁezf)m - e(%-‘i ORZOL:in%yolrcé—iE 3 nd tach R is 5
independeniiyksdaleated from«phﬁ:gmp c;ﬁtmiu@miw«:lmgmmajm ajkenyb salleunsty ayeloalkyl,

cycloakenyl, & nd aralk I In anot er aspect, the. pr gess, co g}e\é&O steps of: (a)
polym rlzm% gg’sfiilst mlxtu% wﬁjile |chonI%X Wlt ar%bld a\%ng Impfi %t fo:?Lann ‘patterns thereon, to

thergby foraﬂmylﬂtﬁpmmmamire cqmpﬁrang the potyyeserized .organdsretaticiedmpound; said resist
15m|xturecew{w%af%a}it)ope%%mlfc (0)N{alkyl),

The word ).xéﬁbstantially” does not exclude

10 “completely” e.g. a composition which is “substantially
free” from Y may be completely free from Y. Where
necessary, the word “substantially” may be omitted from

the definition of the invention.

15 _ Unless specified otherwise, the terms. "comprising"
and ‘"comprise", and grammatical variants thereof, are
intended to represent "open" or "inclusive" language such
that they include recited elements but also permit
inclusion of ‘additicnal, unrecited elements.

20
Az used herein, the term "about®, in the context of
concentrations of components of the formulations,
typically means +/- 5% of the stated wvalue, mnore
typically +/- 4% of the stated value, more typically +/-

25 3% of the stated value, more typically, +/- 2% of the
stated value, even more typically +/- 1% of the statéd
value, and even more typically +/- 0.5% of the stated

value.

30 Throughout this disclosure, certain embodiments may
be disclosed in a range format. It should be understood

" that the description in range format is merely for
convenience and brevity and should not be construed as an

inflexible limitation on the sgscope of the disclosed

10



polymerizable compound and a polymerizable organometallic compound having at least one
carboxylate of Folmula 1: 20 Formula 1 wherein nis 1-12; and each R is independently selected from
the group consisting of hydrogen, alkyl, alkenyl, alkynyl, cycloalkyl, cycloakenyl, 25aryl, and aralkyl; or

(Co0) or SHOREF & AL 37 OO e REOR = 58 Houlh & Sach B Hubementy selected
from the groapscofsistidg otbydrdr@ne alkybatkishi/t alkhnyl, diciodlkgedycleakknyl tdygl, and aralkyl;
and (b) heating sajd,impring siryciure to remoyge prganic.material gad thereby fgl.sajd patterned
values within that range. For example, description of a
5 range such as from 1 to 6 should be considered to have
specifically disclosed sub-ranges such as from 1 to 3,
from 1 to 41 from 1 to 5, from 2 to 4, from 2 to 6, from
3 to 6 etc., as well as individual numbers within that
range, for example, 1, 2, 3, 4, 5, and 6. This applieé
10 regardless of the breadth of the range.

Disclosure of Optional Embodiments
Exemplary, non-limiting embodiments of a process for
15 making a patterned metal oxide structure will now be

- disclosed. .

In one aspect, the process may comprise the step of
heating an imprint strubture comprising a polymerized
20 organometallic compound to remove organic material and
tﬁereby .form- said patterned metal oxide structure,
wherein the imprint structure is formed by polymerizing a
regist mixture comprising at least one olefinic
polymerizable compound and a polymerizable organometallic
25 compound having at least one carboxylate of Formula 1:
R O
Z 0/§

R VR,

R

Formuia 1
wherein n is 1-12; and each R is independently selected
from the group consisting of hydrogen, alkyl, alkenyl,
30 alkynyl, cycleoalkyl, cycloakenyl, aryl, and aralkyl; or

at least one acetoacetate of Formula 2:

11



metal oxide structure. 10The patterned metal oxide structure can be any metal oxide, such as metal
oxides based on Group Il to Group Xl metals and Group Xlll to Group XVI metalloids. The metal
oxide may comprise at least two metals selected from the group consisting of Group Il to Group Xl 15
metals and Group XIlII to Group XVI metalloids. The at least two metals may be the same or different.
The metal oxide may be selected from fhe group consisting of Ti02, Zr02, Fe203 , Nb205 , and Ta20s .
20The patterned metal oxide structure may, have.fe S, uch as gratings, lines, pillars, dimples,
cones, squares, dots, holes, column}pillafs, Projes ; hes, etc, which are dimensioned in the
range of about 20 nm to about 600 nm. TRe patterned 253metal oxide structure may have features with
a dimension in the range of about 20 nm to gbout 400 gm, about 20 to about 200 nm, or about 30 nm
to about 100 nm. The patterned metal oxide structure may have features below 100 nm in size. 30
The step ofdneatingihe imprind strizictute irayocan2prisd thes step @fGubjectingthiedmprinBstructure to
heat treatmgent for rigd of tim bjecting the_imprint structure c [sing a polymerized
organometélﬁc Eér%lgbd?%d"fo héa?tct%%gﬁéﬁ‘ﬂlé Iosog‘r of grg%ﬁ:nﬁéateégﬁ(%c%grg %s Tﬁe ogganics react,
e.g., combusigfosaridgatpattersed awtaloxide structbies Dugingureat teasrhefit adpreddminate

amountOf%§é¥gaggjnauﬂgﬂﬂ¥@cbe alkenyl, alkynvyi, cycloalkyl,

cycloakenyl, aryl, and aralkyl.

In another aspect, the process may comprise the
10 ' steps of:
(z) polymerizing a resist mixture, while in contact
with a mold having imprint forming patterns thereon,
to thereby form an impfint structure comprising the
polymerized organometallic compound, said resist
15 _ mixture comprising at least one olefinic
polymerizable compound and a polymerizable
organometallic compound  having at least one

carboxylate of Formula 1:

A o/g
20 | "

Formula 1 o _ _
wherein n is 1-12; and each R is independently
selected from the grcup consisting of hydrogen,
alkyl, alkenyl, alkynyl, cycloalkyl, cycloakenyl,

25 aryl, and aralkyl; or at least éne acetoacetate of

Formula 2:

Formula 2

12



5 removed. In certain embodiments, heat treatment may remove about 60%, about 70%, about 80%,
about 90%, about 95%, about 97%, about 98%, or substantially all of the organic material from the
imprint structure thereby forming a patterned metal oxide. The degree of organic 10 material that can
be removed during heat treatment is dependent on a number of factors, such as the temperature, the
length of time the Wihgastistrusturesis Subji@ctedito heatlreéatment, ahdl thel PR{Sical-eKenical properties

of the imprint strugtyte; Hegt tgggtm_e(rgfgfaﬂ d5 oceurdn the presence,of oxygen s undefsan inert

atmosphere, such as nifrogen'or argon. In certain embodiments, the polymerized organometallic
compound is subjécel tohedtredtiEgPRTERrEEenEe bEB%FGen. JreR rtafR 8 misEdiiRNts, the heat

treatment is a 20 cal¢jpatien process. Tﬂ@&rp@ggﬁtrugy@mgy he heated at aatggw%@gure of about
300 C to about 700 C, about 300 C to about 600 C, about 400 C to about 600 C, or about 450 C to

about 550 C. The St&plerHatihg BEGAPRAESYdetufs thay cmfprideithiexstep dMfeat treating 25 the

imprint structure af g fempexatuze of abeus450G-torahaut 5Q0Cinctheexamples belaw:a patterned
titanium embedded resist is heated between 450-500 C to produce patterned anatase structures

attached to a sub<t83liffac82 86 1 2Fhe APrint RFd@He M PBe hBaitreaRRHo? BBBt 1 minute to
5 hours, about 2 miputes tg-about 3thques;akkout 2 minutes to about 2 hours, or about 2 minutes to
about 1 hour. Upon heating, the dimensions of the imprint structure are reduced as organic
material is removed. After heat treatment, the dimension of the metal oxide 5 structure is reduced by at

least 3% of the dirpensier ©f theinprint struetaicibetoreheatiirealing The dimensionaf the metal
oxide structure after heating may be reduce%(g% 30% to 80% of the dimension of the imprint structure

before heatdtethent KdvaRtagBshdy, tRE He&find 5@p L 0HofE LB sthntial FEdUEHiBRf the size of

the imprint structwtedenccahd diveupattenter metatoxide stuttuteati@riheal dreatnert may have
substantially the same aspect ratio as 15 the imprint iructure before the zfeatin

te
Advantage Qe alttBugithd&ize SPIRR AT fernad meta oxide (S reliicét ?he%esipee%{:?%io of the
imprint strugtutenis ainegkA0AN arsay dE inpidntsciaytesdisposed orta substrate. Wi array may be

an ordered array of a serjes,of rows 9n9 or columns of p ned metal oxide strugtures being
dispoos{ d ot ﬁw%gs%t?ns?r% e gira%ugpproxw'lﬁat%?y e@qﬂ%]llaist%%%re W%Fnazgﬁlgﬁér. Iﬂ%ﬁe g"r?bodiment, -
each imprinL 25 dtastavoentes pdmnt deinédealohg sseartrattonittifieadakis arnthisetwebalhe proximal

and distal ends, and wherein the_center pojnt between adjacent imprik q%e not s les_)tantially change
during the h%}éﬁﬁas s{réaf)".’ A%%aﬁtgjgggﬁé?l)c/{,) t#e %r\%e\;é%%aﬁ%]rgnu ft glﬁgngl%tﬁsﬁt aﬁsay §O|&; ezbt substantially
the same. ZrQ,, Fes0;, Nby0s, and Ta,0Os.

20 The patterned metal oxide structure may have
features, such as gratings, lines, pillars,. dimples, ..
cones, sguares, dots, heles, coiumns, = pillars,
projections, trenches, etc, which are dimensioned in the
range cf about 20 nm to about 600 nm. The patterned

25 metal oxide structure may have features with a dimension
in the range of about 20 nm to about 400 nm, about 20 to .-
about 200 nm, or about 30 nm to about 100 nm. The
patterned metal oxide structure may have features below
100 nm in size.

30

The step of heating the imprint structure may
comprise the step of subjecting the imprint structure to
heat treatment for a period of time. Upon subjecting the

imprint structure comprising a polymerized organometallic

13



The imprint structure before the heating step may have a dimension in the micro-scale size range
while the patterned metal oxide structure after the heating step may have a dimension in the
nanoscale size range. Advantageously, this allows nano-sized patterned metal oxide structures to be
produced from molds having imprint formin%features f micro-sized dimensions'.énlgfétfin
embodimeRERREHIceSS fititiEr cohBAsEE ke stéh of Wridiating 3 Tesist mixture in contact with a
mold havingan ipapriat forming sufane dieremmand reeaying sachinodd fo fomarsaigyimgprint 10
structure, wherein said resist mixture ocno1 rises a polymerigzable orggggg\eggl i%g%renlggund and a

radical initiRfoF SRS FEsiSthikturg PHiSe BB ast one 15 Polymerizable organometallic
compound gelgated dromnihe grempoonsistify of he olefiie mistal carbexylate (Ferymulasl), an olefinic

metal acetoacetate (Formula 2), an olefinic metal alkoxide (Formul :%)t.I ZOT@ eqjq&yrqg&rl' able
organgmetﬁﬁi@%%ﬁ%ound Ty SSMpTise a mats d(%ﬁ%l@)% ton%r%ﬁg olefins ﬁwat are ca%able of
participatingemsadicalqalymen2aticntreactichd4witebeeior Bdte okefinictpoiierizdbheompounds

and/or the palymerizable organometallic 25, cgmpaound... .. lymerizahle organometallic
compound 8rr%a"y coarrér?r"ilste agtg%ést %%r?glrlr%eta %séfec(t%eé]_fr%%ﬁ%%ﬁ)%%%sis%ng of Group Il to Group
Xl metals andr@raap 30XkirtbaGroupndni métadioid$mPhé pblynidrizablusganbhfetglit compound

may comprise at.least twg metal ecle m oup isting, pE Group 11.tg Group Xl metals
and Group e I&ﬁo&p A %nge%%gdg %r%%?at ?é%gs%gtév(/o mﬁglés m%?/J be the samegor different. _
The pgdlymerizabid sigahbmetattizcompoundna donbrisend mied Selddieéd WBrathe Hfoup

consisting tge%%nﬁe}{tcﬂ Mp. Fe, Ca NigGY Znpo ¥, ZreNBe MGy TC, such as the

temperature, the length of time the imprint structure is
" subjected to heat treatment, and the physical-chemical
properties of the imprint structure. Heat treatment can'
15 occur in the presence of oxygen or under an inert
atmosphere, such as nitrogen or .argon. In certain
embodiments, the polymerized organometaliic compound is
‘subjected to heat treatment in the presence of oxygen.
In certain embodiments, the heat treatment is a
20 calcination process. The imprint structure may be heated
at a temperature of about 300° C to about 700° C, about
300° C to abbut 600° C} about 400° C to about 600° C, or
about 450° C to about 550° C. The step of heating the
imprint structure may comprise the step of heat treating
25 the imprint structure at a temperature of about 450°C to
| about 500°C. In the examples below, a patterned titanium
‘embedded resist i1s heated between 450-500° C to produce
patterned anatase strﬁctures attached to a substrate

surface.

30

The imprint structure may be heat treated for about
1 minute to 5 hours, about 2 minutes to about 3 hours,
about 2 minutes to about 2 hours, or about 2 minutes to

about 1 hour.
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5 Ru, Rh, Pd, Ag, Cd, Hf, Ta, W, Re, Os, Ir, Pt, Au, Hg, La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho,
Er, Tm, Yb, Lu, Ac, Th, Pa, U, Np, Pu, Am, Cm, Bk, Cf, Es, Fm, Md, No, Lr, Al, Ga, In, Tl, Si, Ge, Sn,
Pb, As, Sb, Bi, Te, and Po. The polymerizable organometallic compound may 10 comprise a metal
selected from Sc, Ti, Fe, Ni, Cu, Zn, Zr, Tc, Ag, Cd, Hf, Pt, Au, Ga, In, Si, Ge, and Nd. The
polymerizable organometallic compound may comprise a metal selected from the group consisting of
Ag, Zn, Sc, Ti, Zrpdbire, Me&th 74, Pt, Sie Pd, Biné&eas donBe, 15fand ttfe The pplyimdrizable
organometallic compound may comprise a metal selected from the.group.consisting of.Ti, Zr, Hf, Nb,
Ta, Ag, ZnSE&EISHYEG, AT Pt, 5%,@588%1 A e

I iﬁTh%r&ﬁﬁﬁ%rizgﬁle organometallic compound may
comprise aypetat hayvdag an oxighatien sfate bb+1d #@end iof +6£+6;1, met8.1Thexpalgmerizable
organgmetallic compound may comprise a metal in its, mgs{stahle oxidation state. The polymerizable
organcr{;etﬁfﬁglﬁ%t&‘g?ﬁp&usndﬁ/%%}%%#np%%e %%mgt%?gélegt%ea frcf)brlm t%%%aegroﬁ%l consi%-{llncf;D of Sc+3, Ti",
17+5, Cr+3; 1 +6midnd2 - Mt Mot iy Ee B2, Heee3, 182, Co=3t Nig NiTheu'dCneRsieny+3, Zr",

Nb+5, No", No6,. Tc", Te+7, Ru+3, Ru", Rh+3, §+ P%“ 1,Gd+2, HE', Tars, W, W46, Re", Os",
Ir+3, Ir", PHQ%,% ?36“8;%?3&3?%& ﬁ5£5?€§.+ %53 XCA}e% t&%?’ZN 43’3, Pm+3, Sm+3, Eu+2, Eu+3,
Gd.+3, Th+43y Dy¢3, Hot3F Er+3LTnke, YorGneianAcs-3,the, Rep510%6 SNE+HE IFe Am+3, cres,

Bk4-3, Cf, Es+3, Em's, Md+ + +3, Al +3,104+3,, T11-3_Si} " Snt, Bhl, PY2, As+3,
Ass, Sb+3,%§bff?ere%el%gl-6%%%§i aérrlgdt Poﬁﬁ%%%%n%&ﬁg le g%giaenolrln%eglﬁc con{)gggnd may
compliBe aahétavselestod from thd groedlensiing 6f $H63, FizFe'2fFd# B NLFRNInCU1, Cu+2,
Zn+2, Zr", T¢", {[Sﬁargdﬁ?’wléxfﬁhz" Pd",Pt+2, Pt", Sn", Au+3, Ga+3, In+3, 5 Si", Ge", Nb+3, and
Nd.+3. The polymerizable organometallic compound may comprise a metal selected from the group
consisting of Sc+3, Ti", Zr", Hf", Fe+2, Fe+3, Mi+2, Ni", Cut', Cu+2, Zn.+2, Pt", Sn", Pd2, Pd", Au+3,

Gat3, In3, Ge", angl Nio43, Thepalymerizahle 10.9rgapometaMic-¢ermpound may catapiise a metal
selected from the group consisting of Ti", Zr", Hf", Nb+3, Ta", Ta+5, Fe+2, Fe+3, Sn", Cu+1, Cu."2,

Ni.+2, and KifeFrRgIly ez BrgaHon Bt TbMmpothE My Be A8PSEHEctEd frith &% group
consisting qfyan olemmEq_al caghoxylate-an olefinicypetal alkpxide rang-gemgbinageas thereof. The

polymerizable organometallic compound may comprise one or more teLminal olefins, one or more cis

olefins, oneAGiRBESHERY Blefins 2ar-ckinbinaticls FifFersdf. then BartaREbodifhERts.
polymerizablg QiganangetaflickerpoundempHsgatleagtanecarbexylateof Hapriad: 0

structure is retained.

20 An array of imprints may be disposed on a substrate.
The array may be an ordered array of a series of xows
and/or columns of patterned metal oxide structures being
disposed on the .substrate at an approximately equal
distance from each other. In one embodiment, each imprint

25 has a centre point defined along a central longitudinal
éxis and Dbetween the proximal and distal ends, and
wherein the center point beﬁween adjacent imprints does

- not substantially change during the Theating step.
Advantageously, the overall pattern of the imprint array

30 is kept substantially the same.
The imprint structure before the heating step may

have a dimension in the micro-scale size range while the

patterned metal oxide structure after the heating step

15



25Formula 1 wherein n is 1-12; and each R is independently selected from the group consisting of
hydrogen, alkyl, alkenyl, alkynyl, cycloalkyl, cycloakenyl, aryl, and aralkyl. n may be selected from the
range of 1-6, 1-4, 1-2, or n 30 may be 1. In one embodiment, nis 1 and each R is independently
selected from the group consisting of hydrogen and alkyl. In another embodiment, nis 2 and each R
is independiifly Setstted FonfiHEegBipreonsiting BEnydrBges Ghttalkf FRe ca%§late of Foimula
1 may be aycarbaxvateselected fremdthe,groupLonsistingof acaylate, tpethaskylates 2ahutenoate, 3- 5

butenoate, 2-pentendate, 3-pentenoate, 4-pentenoate, hexenoate, 3-hexenoate, 4-hexenoate, and 5
hexenoate ShéERaiREFBOHINERtS RepSlyRTERZEGRY RN SRRl MBI S Pisesatleastone
10 acetoacetate of FORBYIA 2 FOFRUIE 2 Wheseindn is0nk2: 81is:0:12; A is -(C=0)- or a bond; B is
-(CR2),0-, -(CR2CR20).-, or a bond; and each R is 15 independently selected from the group
consisfing of hydrogen, alkyl, alkenyl, alkynyl, cycloalkyl, cycloakenyl, aryl, and aralkyl. In certain
gmb%%rfzegt)& 9 iirﬁczQ%éwﬁtgiﬁCrllZS%)ﬁaﬂ%i&@@gng is 282. InsegakeembodimentexA is -(C=0)-;
is - .2)mO0-; m is 2-6; and eac is independently selected fro isti
hydrogen afer&kv SkccetaR eﬁmin%%ts?ﬁe:@df@lb}- = yar,“-:B i§ RE3TS0° ARSI O

contact with a mold having an imprint forming surface

by

u
LXK

thereon and removing said mold to form said imprint
10 structure, wherein said resist mixture comprises a
polymerizable organometailic ”compound and a radical

initiator.

The .resist mixture wmay comprise at least one

15  polymerizable organometallic compound selected from the
group consisting of an olefinic wmetal carboxylate
{(Formula 1), an olefinic ﬁetal acetoacetate {Formula 2),
an olefinic metal alkoxide (Formula 3}. |

20 The polymérizabie | organometallic compound  may
comprise. a metal complex containing olefins that are
capable of partiéipating in radical ©polymerization
reactions with ohe"of. more olefinic polymerizable

- compounds and/or the polymerizable organcmetallic

25 compound.

The polymerizable organometallic compound may
comprise at least one metal selected from the group
consisting of tzroup IIT to Group XII metals and Group

30 XIII  to Group XVI metalloids. The polymerizable
organometallic compound may comprise at least two metals
selected from the group consisting of Group III to Group
XII metals and Group XIII to Group XVI metalloids. The

at least two metals may be the same or different.

i6



25 (CR2CR20)m-; and m is 1-12. In certain embodiments, A is -(C=0)-; B is -(CR2CR20)m-; m is 1-4;
and each R is independently selected from the group consisting of hydrogen and alkyl. 30In certain
embodiments, the acetoacetate of Formula 2 has the Formula 2a: Formula 2a wherein mis 1-11; B
is - (CR2),"0- or - (CR2CR20)m-; and each R is independently selected from the group consisting of
'5 hydrogen,alkyl,alkenyl,alkynyl,cycloalkyl, cycloakenyl, aryl, and aralkyl. In certain embodiments,
the acetoacetate agthe porhyula2iz dol@'012¢4dMetetallic  compound  may

comprise a metal selected from the group consisting of
Sc, Ti, VvV, Cr, Mn, Fe,' Co, Ni, Cu, Zn, Y, Zr, Nb, Mo, Tc,

5 Ru, Rh, P4, Ag, Cd, HE, Ta, W, Re, 0s, Ir, Pt, Au, Hg,
La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb,
ua, aAc, Th, Pa, U, Np,_ Pu, Am, Cm, Bk, Cf, Esg, Fm, Md,
No, Lr, Al, Ga, In, Tl, Si, Ge, Sn, Pb, As, Sb, Bi, Te,
and Po, The polymerizable dfganometallic compound = may

10 comprise a metal selected frdm Se¢, Ti, Fe, Ni, Cu, Zn,
7r, Tc, Ag, Cd, Hf, Pt, Au, Ga, In, Si, Ge, and Nd. The
polymerizable organometallic compound may comprise a
metal selected from the group consisting of Ag, Zn, Sc,
Ti, Zr, Hf, Pe, Ni, Cu, Zn, Pt, Sn, P4, Au, Gz, In, Ge,

15 and Nb. The polymerizable organometallic compound may
comprise a metal selected from the group consisting of
Ti, Zr, Hf, Nb, Ta, Ag, 2Zn, Fe, 8Sn, Cu, Au, Pt, Pd, and
Ni.

20 The polymerizable organometallic  compound  may
comprise a metal havi'ng an oxidation state of +1, +2, +3,
+4, +5, +6, +7, Or +8. The polymerizable organometallic
compound may comprise a metal in its most stable
oxidation state. The polymerizable organometallic

25 compound may comprise a metal selected from the group
consisting of 8¢, Ti**, v**, cr”, cr**, mn*, Mn", Ma7,
Fa*? , Fat? ) Cot? , cot? ) Nit2 ) Ni+4 , cutt , cut? ’ Zz’fz , v+3 , 74 ,
Nb*® ) Mot , Mo™6 , Tett ) Tct? ) Ru*3 ) rRu*t ) Rh*? ) Pa*2 ) pg+ ) Ag+1 )
Cci+2,. Hf+4, Ta*s, WM, W+6’ ReM, OSM, Ir*B, Ir*‘*, Pt*z, PtM,

30 Aut3 ) ng ' Hg+2 ) 1,a"? . Cet? ) Catt ) pr*3 ' Ng*? ' Pm*? , am*? ' Bt? )
VAL ' aat? ) T+ , D'y+3 ) Ho™? ' B3 ' Tm*3 , vh*3 , Lu®? ) Act? , Th* ,
pats ' gte . pr ) putt ' Amt? , cmte , Rk*3 ) cE*? ) mat? , Frt? ) Ma*3 )
No'? , 1,3 , A1*3 , Gaﬁ , In»f?. ) i +3 ) gyt , Ge*t . an*t , PR+ ) PR ,

As*®, As™, sb**, sp*®, Bi**, Te™, Te*®, pPo™, and Po**. The

i7



0 R Formula 2b wherein in is 1-11; B is -(CR2)mO0- or -(CR2CR20).-; and each R is independently
selected from the group consisting of hydrogen and alkyl. In certain embodiments the acetoacetate
has the Formula 2c: Formula 2c 20 wherein n is 1-12 and each R is independently selected from the

Corian emBBATTER A5 SCot Rt e RASa 26 For A Patatin ST I an n B 1 A2 and
each R is indepandestly seledted from thaagrappocansisting oEbydrogerfangicifieyl. Ti**In certain
embodime%tesﬂt’heF%Q@t'o%:f@’te g, selected:from the group copsisting gt NViguht 5 o-x
cd*?, ue™, pd*?, pda™, pt**, pt*, sn™, au”?, Ga*, In®,
5 8i*, Ge™,  Nb™, and N4T. The polymerizable
organometallic compound may comprise a metal selected
‘from the group consisting of “det?, Titt, zrtt, HE™, Fe*?,
Fe*t  Ni*?, Wi'¢, cu™, cu?, zZn™, bPt*, sn*t, P&, Pa*t, -
au*?, @a*, In**, Ge™, and NDb. The polymerizable
10 organometallic compound may  comprise a metal selected
from the group consisting of Ti**, zr™, HE™, Nb*, Ta*,

Ta'®, Fe'?, Fe'?, sn*t, cu, cu? , Ni*?, and Ni*t.

The polymerizable orgénometallic compound may be

15 selected from the group consisting of an olefinic metal
carboxylate, an olefinic metal alkoxide, and combinations
thereof. The polymerizable organometallic compound may
comprise one or more terminal olefins, one or more cis
olefing, one or more trans olefins, or combinations

20 thereof.

Tn certain embodiments, polymerizable organometallic
compound comprises at least one carboxyiate of Formula 1:
: R o
= o/E

R R/

R

25 Formula 1
wherein n is 1-12; and each R is independently selected
from the group consgisting of hydrogen, alkyl, alkenyl,
alkynyl, cycloalkyl, cycloakenyl, aryl, and aralkyl. n
may be selected from the range of 1-6, 1-4, 1-2, or =n
30 may be - 1. In one embodiment, n is 1 and each R 1is
independently selected from the group consisting of

hydrogen and alkyl. In another embodiment, n is 2 and

iB
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the acetoacetate of Formula 2 is depicted

each R 1is independently selected ffom the groﬁp
consisting of hydrogen and alkyl. The carboxylate of
Formula 1 may be a carboxylate selected from the group
consisting of acrylate, methacrylate, 2-butenocate, 3—H
5 butencate, 2-pentenoate, 3-pentenoate, 4-pentenocate, 2-

hexenocate, 3-hexenoate, 4-hexenoate, and 5 hexenoate.

In certain embodiments, the polymerizable
organometallic compound comprises at least one

10 acetoacetate of Formula 2:

Formula 2
wherein m is 0-12; n is ©¢-12; A is -(C=0)- or a bond; B
is -~ (CRy)ul-, -(CRCRO)p-, O a bondj and each R is
15 independently selected from the group consisting of
hydrogen, alkyl, alkenyl, aikynyl, cycloalkyl,
cycloakenyl, aryl, and aralkyl.

In_certain embodiments, A is —(C=0)-; B ig - {CR:}u0-;
20 and m is 2-12. In certain embodiments, A is -(C=0)-; B
is -(CR.)x0O-; m is 2-6; and each R is independently

selected from the group consisting of hydrogen and alkyl.

In certain embodiments, A is ~(C=0)-; B is -

25 (CR,CR,0)m-; and m is 1-12. In certain embodiments, A is
—(C=0)-: B is -{(CRyCRO)p-; m is 1-4; and each R is

independently selected from the group consisting of

hydrogen and alkyl.

30 In certain embodiments, the acetoacetate of Formula

2 has the Formula 2a:
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herein as a bidentate ligand with bonding interactions between the metal and two oxygens, it should
be noted that depending on the metal, the metal oxidation state, and the metal substitution that the
acetoacetate can be 15 monodentate, bidentate, tridentate, tetradentate, and combinations thereof.
In certain embodiments, the bonding interaction between the acetoacetate ligand and the metal can be.
represented by one or more of the followingstructurgs: \ROR0' AA0/00 ' 0 '71 The polymerizable
organometallic compound may 5 comprise 1l 2, 3, 4 8, or'9 carboxylates of Formula 1 and/or
acetoacetates of Formula 2. The polyterizabl&orgiho [liB compound may comprise 2, 3, 4, 5, or
6 carboxylates of Formula 1 and/or aceto&cetates X0 of Formula 2. The polymerizable organometallic
compound may comprise 2, 3, or 4 carboxylates of Eogyula 1 and acetoacetates of FoLmula 2. The
polymerizable organometallic compound may comprise 3 or 4 carboxylates of Formula 1 and/or
acetoacetatészofeHormula 2. Tha 15 PolyserizéBle) efjanometaliB65Pbumd rdast cofpirise 3
Carboxy'ate%‘ °fh§ N 'H]H'%a 'ng%‘ﬁ&?}}/ mesizahleofagnometallic compaund fpay cempyse,4 carboxylates -
The polynierizable [

of Formula ofganometallic compound may comprise 4 acetoacetates of Formula

2. Theﬁaolyh’);eiilzagbnzo orga@idtmétallic caraemd-may compise 2 acetostétdied vf Fbrmula 2 The
polymerizable organametaliic,compodnd Mgy .

In certain embodiments, the acetoacetate has the

O’/ \\O R
RR
M\ B :
Me™ ™70 Y~ R
O R

Formula 2b:

10
Formula 2b
wherein m 1g 1-11; B is - {CR.) 0~ or - (CR,CR.,0)x-; and each
R is independently selected from the group consisting of
hydrogen and alkyl. |
15

In certzin embodiments the acetoacetate has the

Formula 2c:

Formula 2c¢
20 wherein n is 1-12 and each R is independently selected
from the group consisting of hydrogen, alkyl, alkenyl,
alkynyl, cycloalkyl, cycloakenyl, aryl, and aralkyl.

In certain embodiments the acetoacetate hag the

25 Formula 24:

20



selected from 25 tetraacrylate, titanium (IV) tetraacrylate, zirconium (IV) the group consisting of
titanium (1V) titanium (IV)tetramethacrylate, tetra(3-butenoate),zirconium (IV) zirconium
(IV)tetramethacrylate, tetra(3-butenoate), iron (lll) triacrylate, iron(lll) trimethacrylate, iron(lll)
tri(3-butenoate), neodymium(lll)triacrylate,necdymium (1) trimethacrylate,neodymium
(IINtri(3-butenoate), tantalum (1V)pentaacrylate, tabtafmm (V) 5 pentamethacrylate,tantalum

(V)penta(3-buenoate), titanium (IV)tetra[&%-thQtﬁAcr lgxy)ethyl acetoacetate)],titanium(IV)oxoide
(methacryloyloxy)ethylacetoacetate)], & n

Formula 24
wherein n is 1-12 and each R is independentiy selected

from the group consisting of hydrogén and alkyl.

In certain embodiments, the acetcacetate is sgelected

from the group consisting of:

o 0 Me o 0

MeMO/\/O% MGM\Q/\/OWA

MU
-

)

0 o’ o o o |
P
e R e N o

10 While the acetoacetate of Formula 2 1is depicted
herein as a bidentate ligand with bonding interactions
between the metal and two oxygens, it should be noted
that depending on the metal, the metal oxidation state,
and the metal substitution that the acetoacetate can be

15 monodentate, bidentate, tridentate, tetradentate, and

combinations thereof.
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tetra[(Z-(methacryloyloxy)ethyl acetoacetate)l, iron(lll) 10 tri[(2-(methacryloyloxy)ethylacetoacetate)1,
neodymium (Ill) acetoacetate)],tantalum (V) (methacryloyloxy)ethylacetoacetate)],
tetra(allylacetoacetate),iron(lll 15 acetoacetate), neodymium(litri(allyl and tatalum(V) penta(allyl

acetoacetate). The polymerizable organometallic compouynd can be synthesized by a number of
methods readily k%wn%%&sl@zo SRReF &R Tt ond” eetht){ba? rt‘lgi%“n%gIymgerrlg%lﬁflecogr:'(:f}airrllometalIic

compound sanahke-prepaied ky-displacingsa éabilei igantl franda matal compléx. Eanexample, alkoxides

and halides are readily displaced by reaction of g metal alkaxjde or metal halide with, e.g., a 25
carboxylic §68li?rsfc%%éjce}i’%e%%e?%é“%ﬁﬁroogﬁia!félgon&’%ﬁ’éﬂ omgresp%ﬁ}:-l thgél polymerizable

organometallic compound. By adjustingjl’h@ostarting Qateéial and the molar ratio of metal salt

nuceleophile, polymerizable R
o S/
. R)\/KO/ RMO/

R .n.vl.nn

A ?

K 0.0

/ﬁ&rjx'/' /i\%u\ -~

R O R O
R R .

5 The | polymerizable organometallic compound « may
comprise 1, 2; 3, 4, 5, 6, 7, 8, or 9 carboxylates of
Formula 1 and/or acetoacetates of Formula 2. The
polymerizable organometallic compound may comprise 2, 3,
4, 5, or 6 carboxylates of Formula 1 and/or acetoacetates

10 'df Formula 2. The polymerizable organometallic,compound
may domprise 2,':3,'or 4 carboxylates of Formula 1 and
acetoacetates of  Formula 2. The  polymerizable
organometallic compound may comprise 3 or 4 carboxylates
of Formula 1 and/or acetoacetates of Formula 2. Tﬁe

15 polymerizable organometallic compound wmway comprise 3
carboxylates . of Formula 1. The polymerizable
organometallic compound may comprise 4 carboxylates of
Pormula 1. The.polymerizable organometallic compound may
comprise 4 acetoacetates of Forﬁuia 2. .The poiymerizable

20 organometallic compound may comprise 2 acetoacetates of

Formula 2

The polymerizable organcometallic compound may be

selected from the group consisting of titanium(IV)

25 tetraacrylate, titanium(IV) tetramethacrylate,
titanium (IV) tetral{3-butencate), . - zirconium{IV)
tetraacrylate, zirconium (IV) tetramethacrylate,
zirconium(IV) tetra(B—butenoate); iron(III) triacrylate,
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titanium alkoxide species to form a tetracarboxylate titanium compound.
Incertainembodiments,thepolymerizable 5 organometallic compound comprises at least one alkoxide
of Formula 3: Formula 3 wherein n is 1-12; and each R is independently selected 10 from the group
consisting of hydrogen, alkyl, alkenyl, alkynyl, cycloalkyl, cycloakenyl, aryl, and aralkyl. In certain
embodimeritsCh IS séloctetridhf the Fge bf1-6, 1329%5%% In ohBehiEMAERRAT R land each R is
independe@;gbgg,l@ggg (frar the group consisting-gf 4% dydrogen and gliyh i anather gmbodiment, n
is 2 and each R Is independently selected from the group consisting of hydrogen and alkyl. The
alkoxide of EoIRER13 TRl BE Selected fP&ﬂqwjdfMEgﬁsisting gfrt (3 BB Atizable
organometallig maay.kqrapsise 1, 2, 3, 4, Séniadcor atkoxides of Formuteed.ddepolprmerizable
organometallic may comprise 2, 3, 4, 5, or 6 alkoxides( OS Formula 3.The gogmer e)organ'ometallic

izapl
maycéﬂpﬁ§?§EQQﬁ@P&&B}ﬁE§0f tantalum(V penta(3-Buenocate
titanium{IV) _ tetral (2- {methacryloyloxy)ethyl

acetoacetate)], titanium{IV)oxoide big[(2-
(methacryloyloxy)ethyl = acetoacetate)], zirconium{(IV)

 wtetra[(2—(methacryloyloxy)éthyl acetoacetate)], iron{III)

10 tril{2- (methacryloyloxy)ethyl acetoacetate) ],
: neo&&mium(III) | tril[(2- (methacryloyioxy)ethyl
acetoacetate) ], tantalum (V) pental (2-
(methacryloyloxy)ethyl acetoacetate}], titanium{IV)
tetra(allyl acetoacetate), iron(III) tri(allyl
15  acetoacetate), neodymium(III) tri(allyl  acetoacetate),

and tatalum(V) penta(allyl acetoacetate).

The ©polymerizable organometallic .compound can be
synthesized by a number of methods readily known to those

20 skilled in art. In one method, the polymerizable
ofganometallic compound can be prepared by displacing a
labile ligand from a metal complex. For example,
alkoxides and halides are readily disp&aced“by reaction

of a metal alkoxide or metal halide with, e.g., a

25 carboxylic acid or acetoacetate under the appropriate
con&itions to prepare the polymerizable organometallic
compound. By adjusting the molar ratio of metal salt
starting material and the nuceleophile, polymerizable

organometallic compound with varying numbers of olefinic

300 ligands, e.g., carboxylates of Formula 1 and
acetoacetates of Formula 2, can be prepared. In the
examples below, 4 equivalents of an unsaturated

carboxylic acid are reacted with one eguivalent of a
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25 Formula 3. The polymerizable organometallic may comprise 3 or 4 alkoxides of Formula 3.The
polymerizable organometallic may comprise 3 alkoxides of Formula 3. The polymerizable
-organometallic may comprise 4 alkoxides of Formula 3. 5 The polymerizable organometallic
comprising an alkoxide of Formula 3 can be synthesized by a number of methods readily known to
those skillgefih 3 H ondHeHHotE the BRFhfcSmetd al is%reb%é’t?ﬁﬁ‘i%‘%ﬁé’éﬁ&%g a labile
ligand from:a mgtal goreplexohiaaexample, halides are readily displaced by the reaction of a metal
halide with an alcohol or alkoxide salt under the appropriate conditions to prepare the olefinic metal
alkoxide. By adjusting the molar. ratio of the metal salt 15 starting material and the alcohol or alkoxide,
olefinic metal alkoxides with ¥ag/ing nunhessdf etefinic,alkox dee can heprepardc.sFiepolymerizable
organaometallic comgﬁound may 20 further??om risel,2,3,4,5,.6, ort7 non-olefiﬂi{%zl)i& eds selected
from tie groGE TBRERHRG bt fiudT P CHFIdE BRBRIdS Jodide, RVaroXidS: Skide: £yARide, nitrate,
nitrite, sulatet hydiagensulf ate, thiosulf ate, sulfite, hydrogensulfide, carbonate, hydrogencarbonate,
25 chlorate, perchlorate, phosphate, hydrogenphosphate, phosphite, acetate, methoxide, ethoxide,
propanoxide, and butanoxide. The organo%Wg d may further comprise 1, 2, 3, or 4,
pendant ligands selected from the group cons methoxide ethoxide, propanoxide, and 30
butanoxide. The resist mixture may comprise gst one olefinic polymerizable compound
capable of reacting under radical polymerization conditions with the polymerizable organometallic
compound and/or with another equiavelent of fR&Blefidic3polymerizable compound. The resist mixture
may compiigectld 3 & or §plefitigpolyparzablecompaundslhe resigdigtiuednay comprise
2, 3, 4, or 5 olefinic polymerizable compounds.The resist mixture'may comprise 2, 3, or 4 olefinic
polymidrizaffecsompoandst THE respsishixtuiredmagicofpRseaest4 Adfiid poldhbfizable compounds.

alkynyl, cycloalkyl, cycloakenyl, aryl, and aralkyl. In
certain embodiments, n ié selected from the range of 1-6,
1-4, or 1-2. 1In one embodiment, n is 1 and each R is
independently selected from the group consisting of

15 hydrogen and alkyl. Tn another embodiment, n is 2 and
each R is indepeﬁéently selected from the group
conegisting of hydrogen and alkyl. The alkoxide of

Formula 3 may be selected from the group consisting of:

N 0\§ )\/O\\% \/\/O\g

j/L/O\E \\\/\/Oxg NN O\%

0
/\\\/\/O\% \//\/O\g K\/ ~3
AN g P
20 The polymerizable organometallic may comprise 1, 2,
3, 4, 5, 6, 7, 8, or 9 alkoxides of Formula 3. The

polymerizable organometallic may comprise 2, 3, 4, 5, oOr
6 alkoxides of Formula 3. The polymerizable
organoﬁetallic- may comprise 2, 3, or 4 alkoxides of

25 Formula 3. The polymerizable organometallic may comprise
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10The olefinic polymerizable compound may be selected from the group consisting of a C2-C40
unsaturated optionally substituted hydrocarbon, a C2-C30 unsaturated optionally substituted
- hydrocarbon, a C2-C20 unsaturated optionally substituted hydrocarbon, a C2-C10 unsaturated 15

optionallysubstituted hydrocarbon,andaC4-C7 unsaturated optiopally substit rbon. The
olefinic polymefiZable ¢ 58&%§%ﬂsay ﬁave?oimga,igr 4%Iefins (?[a@f)%blé) §L Pgé%%% gvéctihcé’jtlhe 20
polymerizablegerganetztatic compoundmupdésadidal edhditidds er with af@isfinien ahother

equivalent of the olfinic polymerizable compound. The olefinic_polymer, zable COING) may have 1 or
2 olefins. 25TRe %?gf?ﬂpé) ﬁéﬁ%gér?zagﬁgg@ggoel?ﬁ Er[nla\(i/ lgleagel(gfzg)trgﬁjfrlogmé tr%e group cﬁésjissting of
acrylates, (netmmonyatess fumarates and maleates, such as methyl(meth)acrylate,
ethyl(rgeth)acrylate, n-propyl(meth)acrylate, isopropyl (meth)acrylate,n-butyl(meth)acrylate,iso- 30
butyl(meth)acrylate,tert-butyl(meth)acrylate, pentyl(meth)acrylate,cyclopentyl(meth)acrylate,
cyclohexyl(meth)atingate Repropymyltambigacrytatea alpaheth}dctylate SiBAthIdAYacrykdteandthe

conresponding agrylates, fumeraigs .and malgaigs. 1u6Aslaicdmefyacaiguumersie, or maleate

ester may be S0 Itute one or more fluorine atoms. The olefinic polymerizable compound may
be a fluorealkyltawivlates adelh)adiplore: fukreraleo 8 malehld efhein art. In one -

method,  the olefinic metal alkoxide 1is prepared by

10 displacing a labile ligand from a metal complex. For
example, halides are readily displaced by the reaction of

a metal halide with an alcohol or alkoxide salt under the
appropriate conditions to prepare the olefinic metal
élkoxide. By adjusting the molar ratio of the metal salt

15 starting material and the alcohol or alkoxide, olefinic
metal alkoxides with. varying numbers of olefinic

alkoxides can be prepared.

The pelymerizable organometallic compound  may

20 further comprise 1, 2, 3, 4, 5, 6, or 7 non-olefinic
ligands selected from the group comsisting of fluoride,
chloride, bromide, iodide, hydroxide, oxide, cyanide,
nitrate, nitrite, éulate, hydrogensulfate, thiocsulfate,
~sulfite, hydrogensulfide, carbonate, hydrogencarbonate,
25 chlorate, perchlorate, phosphate, hydrogenphosphate,
phosphite, acetate, methoxide, ethoxide, propanoxide, and
butanoxide. The organometallic compound may further
comprise 1, 2, 3, or 4, pendant ligands selected from the
group consisting of methoxide, ethoxide, propanoxide, and

30 butanoxide.
The resist mixture may comprise at least - one

olefinic polymerizable compound capable of reacting under

radical polymerization conditions with the polymerizable
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5 olefinicpolymerizablec'ompoundmaybe 3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10-heptadecafluorodecyl -
methacrylateor3,3,4,4,5,5,6,6,717,8,8,9,9,10,10- heptadecafluorodecyl acrylate. 10The olefinic
polymerizable compound may be selected from monoesters and diesters of glycol and polyglycol

acrylates, methacrylates, and vinyl ethers. The elgfinic erizable compoynd mawhe selected from
the group (%%%%%Cr)\%lgeo %tgﬁ%necéwggs é}gcragt%ﬁéﬁyl‘ep%%g}yéég%ﬁg%mégt%dacrylate., ethylene glycol

divinyl ethes and:dig ettmilerfd glhcol)mivinyleatherb LeThe ofefiniesblymerizaBle ¢Spdind may be a

vinyl ether or. a,vinyl carboxylate. The vinyl ether may be 20 gelecjed fram the grayn copsisting of alkyl
vinyl ethersr[,1 lc})clg%xgﬁ(ylm\%Xyl 8%1%§9$uoroalkyl vinyl ethers, glycol vinyl ethers, di(ethylene glycol) vinyl

ethers, andopdlyethyierabdlycolonpyetidsrs. THEGINYRStheE niaj e 56leBiRY frETHRAE §Foup consisting

of cyelghexyl vinyl 25 ethey, cyglopentyliig elist. by iad eihepchippinda etherbutyl viny!
ether, pentylvinyl ether, hexyl vinyl ether, 2,2, -trifluoroethyl vinyl ether, and di (ethylene glycol) divinyl
ether. The vingLiedrbogylatainay beaglecEMPEHhIAy| dcetatd; vinfirofiolafe 88 butenoates,

vinyl pentenagtes, and vinyl bengpatenas Theresist mixiire mayhe-kragiged dithe presence of a
radical initiator by exposure to electromagnetic radiation in the presence of a photo-initiator. The
step of polyimendzifg $he FasidemBRdidihEy EBMiSTisETHRAIARAG the resist mixture. The irradiating step
may comprise UV irradiating. The resist mixture may 5 be irradiated with radiation, e.g., UV radiation,
to polymerize the resist mixture in the presence of a photo-initiator. Any wavelenqztl%é)f UV radiation

can b¥used to poRferzkrhaTteSisBARTIRT S8R AE FrERTRGOMAL 0 tdEhdtf HH0 A, from about

130 nm to ghout 45Qpm, fropndQ abeut200:amHe abegt 459 ring,ordipm ahewt:26&n81t0 about 450
nm. In certain embodiments, the step of irradiating the resist mixture comprises irraéiiating the
resist mixtupe &5t broadbat Fﬁﬂl“r@'ﬁ? hydrocarbon, a (p-Ce unsaturate

optionally substituted hydrocarbon, a Cp-Cspo unsaturated
optionally substituted hydrocarbon, a Ca-Cio unsaturated
15 optionally substituted hydrocarbon, and.  a Cy-Cy

unsaturated optionally substituted hydrocarbon.

The olefinic polymerizable compound may have 1, 2/

3, or 4 olefins capable of reacting with - the
.20 poiymerizable organometallic  compound under radical
conditions or with.an olefin on another equivalent of the
olfinic polymerizable compound. The olefinic

polymerizable compound may have 1 or 2 olefins.

25 The olefinic polymerizable compound may be selected
from the group consisting of acrylates, (meth)acrylates,
fumarates and maleates, such as methyl{meth)acrylate,

ethyl (meth)acrylate, n-propyl {meth)acrylate, isopropyl

(meth)acrylate, n-butyl {(meth)acrylate, iso-
30  butyl (meth)acrylate, tert-butyl (meth)acrylate,
pentyl (meth)acrylate, cyclopentyl (meth)acrylate,
cyclohexyl {meth)acryiate, 2-propynyl (meth)acrylate,
allyl (meth)acrylate, vinyl (meth)acrylate and the
corresponding acrylates, fumerates, and maleates. The
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The resist mixture may be irradiated with ultraviolet radiation from about 30 seconds to about 10
minute, frqm about 30 seconds to 5 minutes, from about 30 20 seconds to about 4 minutes, or from
about 1 minute to about 3 minutes. The photo-initiator may be selected from the group consisting

of acetophenones, benzil compounds, benzoin 25 compounds, benzophenones, cationic
photo-initiad6rsY AR& FhioXARITENES TY 13 e ph Fgl%ﬁﬁa%r mgyff bg%?\%}é?op e%%ﬁe%% cted from the

group consisting gh2 henzy &2-(simeihytanaina)x 30ws:reorHolimobotyrophemene, 3,6Ibig(2-methy 1-2-
-morph_ol|noprop|onyl)-9-octy|carbazo_e 4'-tert-buty1- 3 : 1 uorcalkyl
21,6'-d|metrﬂ;}§c?é'§8bﬁen(§1‘?e¥§f§e-aié Acetophenone, 2,I%afme}fﬁoxya}zp%e%yra%%to%enone,blended
dipheny1(2:4.6yiimeshylbenzaw)phosphinesxidef2dyang, or maleate. The

2-methylpropiophenone,4'-ethoxyacetophengne,3'- hydroxyacetophenone 4'-hydroxyagetophenone, 1-
hydro@cy&&%&ﬁﬁ?ﬁanylketoﬁé’éyﬁ@%’fg%ﬁ%%fz- hydroxy@thoxy)- -methylbnrab iopheno%%e,z-hydrde-Z-
5 methylprepiephenone, 3-nsethy747(nsethylkhin)-20 , 10-heptadecafluorodecyl

morpholino [ -
pholinopropiophenone,4-phengxyacetaphenpng.andy ¢ 4. 7,7,8,8,9,9,10,10-

heptadecafluorodecyl acrylate.

10 - The olefinic polymerizable compound may be selected
from monoesters and diesters of glycol and polyglycol
acrylates, methacrylates, and vinyl ethers. The olefinic
polymerizable compound wmay be selected f£rom the group
consisting of ethyieﬁe glycol diacrylate, ethylene glycol

15 di(meth)acrylate, ethylene glycol divinyl ether and
di{ethylene glycol) divinyl ether.

The olefinic polymerizable compound may be a vinyl

ether or a vinyl carboxylate. The vinyl ether may be

20 selected from the group consisting of alkyl vinyl ethers,
eycloalkyl vinyl ethers, fluoroalkyl vinyl ethers, glycol
vinyl ethers, di(ethylene giycol) vinyl ~ethers, and
polyethylene glycol vinyl ethers. The vinyl ether may be
selected from the group consisting of. cyclohexyl wvinyl

25 ether, cyclopentyl vinyl ether, ethyl vinyl ether, propyl
vinyl ether, butyl wvinyl ether, pentYl vinyl ether, hexyl
vinyl ether, 2,2,2-trifluorocethyl wvinyl ether, and
di{ethylene glycol) divinyl ether. The vinyl carboxylate

may be selected from vinyl acetate, 'vinyl propiolate,

30 vinyl butenocates, vinyl pentenoates, and vinyl benzoate.
The resist mixture may be irradiated in the presence

of a radical initiator by exposure to electromagnetic

radiation in the presence of a photo-initiator.
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combinations thereof. The photo-initiator may be a bezil compound or a 10 benzoin compound
selected from the group consisting of benzoin, benzoin ethyl ether, benzoin methyl ether, 4,4' -
dimethoxybenzoin, -dimethoxybenzil, and combinations thereof. 15The photo-initiator may be a
benzophenone selected from the group consisting of benzophenone, benzophenone-
3,3',4,4'-tetracarboxylic dianhydride, 4-benzoylbiphenyl,
4,4"-bis(diethylamipglbenzophengre,4,41hist2-(L-prepenyliphenaxylienzophenone 4ray
(diethylamino)benzophenone,4,4'-dihydroxybenzophénone, 4-(dimethylamino)benzophenone,
3,4-dimethyfs8Ezebhendhie SR adRgb e pherdret4-RidionyBenBphendiediat ing

methylbenzgphen

-m&tpylbenzephenepg dt o« Megthylbgazophenonemethylbenzayjformate,4,4'™-

25 bis(dimethylamino)benzophenone, and combinations thereof. The photo-initiator may be a

cationié phat6-intiatsrSEI@Ed fiohithe $iGdF EoRSIstinF ofbis(@ YV radiation, to
tert-butylphepyi)ipdenivmperiliorad-hutanesuifopatei 80 the presence of a photo-

bis(4-tert-butylphen

10

15

20

25

30

}él)iodoniump-toluenesulfonate big%4- utyl
initiator. Any wavelength of radiation ¢an be used

polymerize the_résiét mixture, such as from about 10 nm
to about 400 nm, from about 130 nm to about 450 nm,'from
about 200 nm to about 450 nm, or Irom about 250 nm to

about 450 nm.

In certain embodiments, the step of irradiating the
resist mixture comprises irradiating the resist mixture

with broadband UV-light.

The resist mixture | may  be irradiated  with
ultraviolet radiation from about 30 seconds to about 10
minute, from about 30 seconds to 5 minutes, f£rom about 30
seconds to about 4 minutes, or from about 1 minute to

about 3 minutes.

The phote-initiator may be selected from the group

consisting of acetophenones, benzil compounds, benzoin

compounds, benzophenones, cationic photo-initiators, and

thioxanthones.

The photo—initiator may be an acetophenone selected
from the group consisting of 2-benzyl-2-(dimethylamino}-
4 ' -morpholinobutyrophenone, 3,6-bis(2-methyl-2-
morpholindpropionyl)—9—octy1carbazole, 47 -tert-butyl-
2',6"'-dimethylacetophenone, 2, 2-diethoxyacetophenone,
2, 2-dimethoxy-2-phenylacetophenone, blended
diphenyl(2, 4, 6-trimethyibenzoyl)phosphineoxide/2-hydroxy-

28
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methoxyphenyldiphenylsulfoniumtrif late,(4- bromophenyl)diphenylsulfoniumtrif late,(tert-
butoxycarbonylmethoxynaphthyl)-diphenylsulfonium triflate, (4-tert-butylphenyl)diphenylsulfonium
triflate, diphenyliodonium 9,10-dimethoxyanthracene-2-sulfonate, diphenyliodonium
hexafluorophosphate, diphenyliodonium nitrate, diphenyliodonium perfluoro-l-butanesulfonate, 5
diphenylioddnitfi prtbRiseseRbaaR giphenylidtonfirh SFAEE $4FRBFSIRAYI) dipherylSulfonium

triflate, Nhydroxynaphthaliside tiflate, N-hydroxy-5rparharpaned Srfiearbeyimide  1-
perfluoro-1-butanesulfonate, (4- iodophenyl)di%r]leny sulfoniumtriflate,(4- 10

methoxyph8aRBHEMASARFIRMtriflate BAY tnethokFtyie)-4, 6-bisHthicSHietny1) £.3,5-
triazine,(4-r3%@y gﬁﬁnymggﬁgﬁn@;ﬂ%@@@hmmmiophenyl)mgﬂyﬁ;gﬂem#sylfonium trif
late, 1- naphthyldiphenylsulfoniumtriflate,(4- 15 phenoxyphenyl)di penylsulfonium,trialate,(4-
phenylthiopheh{NdiBReRyISBREAGR T late, tr-iarylsulf%h‘?tﬁﬁﬂ?é&a’ffgoh(gl‘ﬁm%@gl $2°

triarylsulfonjphexafiuesephsihatesaiise {riphenyisulfesiumperfiserspiiianesufonaima

combinations thereof.

Tﬁéﬁ bhoto—initiator may be a bezil compound or a

10 benzoin compound selected from the group congisting of
benzocin, benzoin ethyl ether, benzoin methyl ether, 4,4" -
dimethoxybenzoin, 4,4 -dimethoxybenzil, and combinations

rhereof.

15 The photo-initiator may be a benzophenone selected
from the group consisting of benzophenone, benzophenone-

3,37,4,4"-tetracarboxylic dianhydride, 4—benzoy1bi§ﬂenyl,

4,4’-bis(diethyiamino)benzophenone, : 4,4 -bis2-(1-
propenyl) phenoxy] benzophenone, S ) 4-
20 (diethylamino) benzophenone, 4,4'ndihydroxybenzophenone;
4- (dimethylamino}benzophenone, 3,4fdimethylbenzophenone;
3—hydroxybenzophenéhe, 4~hydroxybenzophenone,. 2~
methylbenzophenone, 3-methylbenzophenone, 4-
methylbenzophenone, methyl benzoylformate, 4,47~

25 bis{dimethylamino)benzophenone, and combinations thereof.

The photo-initiator may be a cationic photo-

initiator selected from the group consisting of bis(4-

tert-butylphenyl) iodonium pexrfluoro-l-butanesulfonate,
30 bis(4-tert-butylphenyl) iodonium p-toluenesulfonate,
bis (4-tert-butylphenyl)iodonium triflate, Boc-
methoxyphenyldiphenylsulfonium triflate, {4~
bromophenyl}diphenylsulfonium triflate, (tert-

butoxycarbonylmethoxynaphthyl) -diphenylsulfonium
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20 triphenylsulfoniumtriflate,tris(4-tert- butylphenyl)sulfonium perfluoro-l-butanesulfonaté,'a{hd :
tris(4-tert-butylphenyl)sulfonium triflate. The photo-initiator may be a thioxanthone selected 25 from the
group consisting of 1-chloro-4-propoxy-9Hthioxanthen-9-one, 2-chlorothioxanthen-9-one, 2,4-

diethy1-9H-thioxanthen-9-one, isopropy1-9H-thi then-9- ane, 10-methylphenothiazine,
thioxanther?—@%rjrétﬁ'fd combiRafo é‘%}@gﬁ §gf)agﬁeléeﬁ?g ess%frg%?”fhlr he%rc%%gr?s%’the step of
depositing argaishylixbienmansubstrate uwtates Thepyocessmay fiertiterscohforise- the step of

contacting the resist_mixture with the mol The material of the substrate.surface.may be
comprised 3t BRY OYdamd thatahal, s%ﬂ%ﬁ%?fslél %P)}r)r?leor]ggsg%?ﬂorgaﬁf&pngllgfgljajﬂ%%:%lgsmsiIicon. The
substrate mdybe +¢planasd pbapkahandsceimplary palbgtiate materiblstiackge Siiwont glass, quartz,

mica, geramics, polymers such as polyethylene, polypropylene, polygsters. s lyethylene
terephthala é,p&%}gnﬂ%ges?ﬁbu%d mé}'[/anoéﬁl&n%%%%%d? lggréghthala%g,%%ﬁ/%ﬁty%r%g%%%%olymers and
polys.ulphomeii‘i.i\“tam@oppelf Hmmmd_ )rdéyllperc,}ohmdsé@lrdﬁanrnat@ri'af%eketed ftom the group :
consisting of flicon. diass matal. metal ogder slleqr) dioels, plicopyikidg. isymdieoxide, ceramic,

sapphire, and combinations

ereorl.
' 2,3-dicarboximide perfluoro-l-butanesulfonate, (4-
'iodophenyl)dipheﬁYlsulfoniﬁm" | . triflate, {4-
10 methoxyphenyl)diphenylsulfonium triflate, 2-(4-

methoxystyryl)—4,6—bis(trichloromethyl)—i,B;Su'
triazine, (4-methylphenyl)diphenylsul fonium trifiate, {4~
methylthiophenyl)methyl phenyl sulfonium triflate, 1-

naphthyl diphenylsulfonium triflate,(é;
15 phenoxyphenyl)diphenylsulfonium . triflate, (4-
phenylthiophenyl)diphenylsulfonium _triflate,
triarylsulfonium _ hexafluoroantimonate salts,
triarylsulfonium R .hexafluordphosphate salts,
triphenylsulfonium perfluoro-1l-butanesufonate,
20 triphenylsulfonium rriflate, tris{4-tert-
butylphenyl)sulfonium perflﬁbro—1—butanesulfdnate, and

tris(4-tert-butylphenyl)sulfonium triflate.

~ The photo-initiator may be a thioxanthone selected
25 from the group consisting of 1-chloro-4-propoxy-3SH-
thioxanthen-9-one, 2-chlorothioxanthen-9-one, 2,4—
diethyl-9H-thioxanthen-9-one, isopropyl-9H-thioxanthen-9-
one, 10-methylphenothiazine, thioxanthen-9-one, and

' combinations thereof.

30

The process may further comprisé' the step of
deposgiting a resist mixture on a substrate surface. The
process may further comprise the step of contacting the

resist mixture with the mold.
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15 The mold may have a defined surface or imprint forming patterns to create three- dimensional
imprint structures during the contacting step. The three-dimensional imprint structures may be
dimensioned in at 20 least one of the microscale and the nanoscale. The mold may have a solid body
with an array of conduits extending through the solid body. The mold may be made of any suitable
material that is chemically inert and able to at least partially transmit electromagnetic radiation, such

25 as glass and quadz. Thecmeldmay have andmpantiermingsuriage Revidedshereer and may be
patterned. Hence, the mold may have imprint forming patterns thereon. The E)l'atterns may comprise

holes, coluRASPBHERS dftfplBEYprBfeSRBRS, JratiidsiarirerthE. ite BaRFnE iy h&lk 30 defined
heights, widths ernlepgthsithatareds tha micsestale=andior in thennanoggade. Fpdatieras may be in a
spaced apart relationship from each other. The_patterns may be three-dimensiopal structures. :
The patterd®Bh thBnol® WidiPtomise RIS ART or trencﬁé?mﬁ%eaﬁ?’étin&é“gﬁﬁﬁ?‘ﬁ%nches may
extend alongsrespestive longitudisakaxescofihe seldsTherwidth of thel geatings vadiardrenches may

be in the micrgoscale 5 and/,cg nanosca& V’\Clﬁeﬁ both gratiqgﬁ%and trfnches are%&regggtr on the mold,
the grating®and TiRhEhe Ry B8 pRRedTarnE™s cadl? iRt the miold may also

&1l Q
r."fHe paﬁérng 0
comprise lirgiahd spage pattems:ditte lidik of thesgratitgsanid/oetrencheslpay beliedependently 10

selected from the--gq:%ﬁ%%résisting of about 50 nﬂ Ltlo "abOljt 50 micro tgg m gbout 30

ns, abo.
microns, ab%%f%@ nm micron’s t8 ajtf%%‘fﬂé errsfii:rons, 583& ﬁr%sto%%%upl%f icrons, about 80 nm to

about’® miciars, aboafl@0 rmdh aleut gonitrons idbeut 10€@apprabolits0Gnms abatel5 100 nm to

about 400 nm and about 50 nm to akout 250 nm. kn.qne embodiment. 1 'wig}%ofét}% tings and
corresp,ond?ﬁagych%ﬁne‘fso %?/ ee&ab%%tﬁ i n%%anrs!ﬁ%e Sreg%%\a 8§n;¥ilc{2r)$nmay ave a s%gpe, when
viewed in crosssissectipne Seletlettrom thdapeup vemsidtingreftsiduspidale20 wave shape, square

wave, trapezoidal shape, hlazed sha langy €T ratings trenches may
have an asééc?ﬁétéig ’selesc%éEle-IL r%% th%ﬁgé:(p)géécbns%%%g% abgﬁ?o.ﬁc{)q% ébof?tg :g.%q,%b@;')ut 0.1to
about 2.5, amupRilto abowt Z:0raBeRto.ons abbatrest about 0.1 to about 1.0, and about 0.1 to
aboutQ.5. The patterns on the mold may comprise columns and/or 30 circular holes. The
diameter of the columns and/or circular holes may be in the micro-scale. The patterns on the mold
may also compris€bilarsahd/ortimplézave a defined surface or imprint

forming patterns to create three~ dimensional imprint
structures during the contacting step. The three-
dimensional imprint structures may be dimensioned in at
20 least one of the microscale and the nanoscale. The mold
may have a soiid body with an array of conduits extending
through the solid - body. The mold may be made of any
suitable material that is,chemitally inert and able to at
least partially transmit electromagnetic radiation, such
25 as glass and quartz. The mold may have an imprint forming
surface provided thereon and may be patterned. Hence, the
mold may have imprint forming patterns thereon. The
pétterns may comprise holes, columns, pillars, dimples,
projections, gratings or trenches. The patterns may have
30 defined heights, widths or lengths that are in the
microscale and/or in-the nanoscale. The patterns may be
in a sgpaced apart relationship from each other. The

patterns may be three-dimensional structures.
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The diameter of the columns and/or circular holes may be independently selected from the group
consisting of about 100 nm to about 10 microns, about 100 nm to about 8 microns, about 100 nm to
about 6 microns, about 5 100 nm to about 4 microns, about 100 nm to about 2 microns, about 100 nm
to about 10 microns, about 500 nm to about 10 microns, about 100 nm to about 500 hm, about. 100 nm
to about 400 nm aRdSabdift ABDHAM toUboutB50 AP MDTHEYoIURTTER RS, diPles & Td/or circular

" 'holés may haye/an aspesidatia selegtedfrarm the grogponsisting 9fabautihd te-abeu3.0, about 0.1
to about 2.5, about 0.1 to about 2.0, and about 0.1 to about 1.5. 15The patterns may, be formed on the
mold by a riéthdd ﬁ?&ﬁ@&ﬁhﬁtﬂ@&%ﬁ%%n&ﬁﬁh%liﬁ%rgﬁr@? de&fTedctiElon etching,

holographicJithegrapby.a-beam lfheg@phy.dendiean ihogeehy and kenbinationshereof. 20
The mold surface can be pretreated with an agent that decreases the surface energy to help facilitate

clean rémofRbfthe MBfAFGHRe iR sthRtite & PoFRerfBion- TRETHSE mayDe treated
with a 25 flygrealytchigtosilaae peardty thenstepeizcontasting tide roelshwitle themeasistiseixture. The
mold surface may be pretreated with a compour}g selectﬁd from ther%ré)up con%stin%o 4
dichlorodinRtRASRAnE25aLdEyItHRhIGEifdhe YouEEyltrichfordahE T3 p&iftudrdde&itrichiorosilane,
and alkanethigjs. Ehe saldswsfacemaybapretreatedwith pegfiuotedenyltridterosilatien  ofPrior to -
imprinting the resist mixture, the sulstrate surface %nd mold can he cleanegl. Fo&gxglrgfle, the

y

substrate sitfice Ehiie Baned Opli’ranhar SHIuti6H at T4 C for2 holurrls,efgﬁowg 3(Nashing with
5 deiorizedgmater aad blovodryingdy gitrogpn streasri sEHiegubstrateisarfacezdan-tiren e placed’in a

drying ovena#c?) rep % an regnnainin m%{%tuge or}l@et%ma rgtq:s%r cei'é'rrle mSoId can treated in
oxygen plas 3‘(\% F,[%ﬁftorr% for ﬁ?mm. Aq‘ter plasma- Featmen , the fold canbe cleaned by
piranha soldtionrat 140<& for2 hourspioliowed byniinsingsvithadelomizEéd water aad dlovatirying by
mnogensng@nmicrons, about 80 nm teo about 5 micronsg, about %0 nm
Eo about 1 micronsg, about 100 nm to about 500 nm, about
15 100 nm. to about 400 nm and about 50 nm to about 250 nm.
In one embodiment, the width of the gratings and
corresponding channels may be about 10 microns. The

grating formation may have a shape, when viewed in cross-

section, selected from the group consisting of sinusoidal
20 wave shape, sguare wave, trapezoidal shape, blazed shape

and tiiaﬁgular shape.

Thé gratings and/or trenches may have an aspect

ratio selected from the group consisting of about 0.1 to

25 about 3.0, about 0.1 to about 2.5, about 0.1 to about

2.0, about 0.1 to about 1.5, about 0.1 to about 1.0, and
about 0.1 to about 0.5.

The patterns on the mold may comprise columns and/or
30 circular holes. The diameter of the coliumns and/or
circular holes may be in the micro-scale. The patterns on

the mold may also comprise pillars and/or dimples.
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The process may comprise the step of depositing the 15 resist mixture on the substrate surface. The-

depositing step may comprise the step of drop dispensing. The depositing step may comprise the step
of spin coating. When the resist mixture is drop dispensed, the volume of the resist mixture dispensed
can vary by any amount, 20 e.g., from between 1 AL and 20 AL, A resist material ?lorfggsing an

polymerizable orgaRBmeiResshpdiind, 225, £t nfat S et it AErylate, Such as titanium
(IV) tetraacpyatersy titanipdhdtetrapethacedates mayde depesiterblypspironedting the 25 resist
material on the substrate surface. A resist material com risin}g a megal 3£bu£e0rk9atems%g£1 as titanium
(V) tetra(39ﬁjte%}88}8'), rﬁﬁ)g bél‘aeﬁo%itéa&gﬁvgpir}goaﬂ ﬁ{f? ?dp (ﬁsﬁ)élnsing on the substrate surface.
30After theggsist mixtyredasleeendenasited ontihe subsiibtessurace,ittreansid calndeg-brought into

contact with the resist mixture surface at aﬁiirven presggg%tTh Pressure \ggh vgr}gcgéhednold is
broughst in éoftacPRith-fhe AR misturdH] 'Eélﬁénd ona‘number ofmfactors, stch as the viscosity of

the resist mixtareand thessize of the imprintfeatuses; but generatyna forebdetwedit 1Mmand ION will

be applied to the mold while in contact with the resist mixture. The ol%bsoall%ﬁ/ed fpfemain in 5
contact witlr the PR3t miliufe GhifRe rgél(s)%l rglix S)rtcej Has ;{['J%st%%ﬁg]]fy lied all of the i’gmprint features

or patterns Dodhermaeld. Tbewiscosity of thendesistonikiuré Variss depahding >6n e composition of
the mixture, but generally can be between 1 mPas and 10 mPas, and can be as high as 20 mPas
depending on the metal content. Hence, the viscosity can range from about 1 mPas to about 20 mPas.

15Thagesist mixturacancbmprise hetbéeraboutionsk ¢s abogt/I9% By VisigRtof Bed Pdlymerizable
organometallic compound and acbl%ég%%) tog&w@%@l\é@@;@ of theyadicalpitiator e resist
h

A 13! 3 ..
mixture may?a’rther comprise a polymerizable olefinic compound.In suc
consisting of about 0.1 to about 3.0, about 0.1 to about

2.5, about 0.1 to about 2.0, and about 0.1 to about 1.5,

15 The patterns may be formed on the mold by a method
selected from the group consisting of photelithography,
deep reactive ion etching, holographic lithography, e-
beam lithography, ion-beam lithogrgphy' and combinations
thereof.

20 B

The mold surface can be pretreated with an agent
that decreases the surface energy to help facilitate
¢lean removal of the mold from the imprint structure
after polymerization. The mold may be treated with a

25 fluoroalkyl chlorosilane prior to the step of conﬁacting
the mold with the rééist mixture. The meold surface may

be pretreated with a compound selected from the group

consisting of dichlorodimethylsiiaﬁe;
octadecyltrichlosilane, dodecyltrichlorosilane,
30 perfluorodecyltrichlorosilane, and alkanethiols. The
mold surface may be pretreated with

perfluorodecyltrichlorosilane.
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20 embodiments, the polymerizable organometallic compound is present between about 30% to about
70%, about 30% to about 60%, about 30% to about 50%, or about 40% to about 50% by weight of the
resist mixture. The polymerizable olefinic compound can be present in about 30% to about 25 70%,
about 30% to about 60%, about 30% to about 50%, or about 4Q% to abqut 50% by W ight of the resist
mixture. The resistiREure may corfBridd:abbHt 305 byFWEiht of the polmerizable organometallic
(iOSn;/pobundS@_ Mht t?%g%)‘d'wl eightatatdeast ongrpohunerizadteadlefinieS0 canapguirel, and about
-5% by weight of the radical initiator. The processes disclosed.herein are not limited to any type

of lithograpHyproSaEaid bfe ge?%gﬁ;feapﬁgﬁble]?ﬁ e.oC RS hprilit it ogr%%)ﬁ??lét%p flasgi%%rint
lithographyzand: thesmakinpring fithography processs 5 THe plosesd cap beassedrfor largé patterns that

require a step and repeat technique or and flash imprint Iirht? raphy (S-EIL). In such S-FIL, the
resist r?ui_xtﬁ@“l’ﬁﬁj%@qjeﬁs'iﬁf’é‘a (ﬁﬁ% agfé) red ared of t%g stibs 3r'g<'§1D es%rfgger,eé%rél.', t?)il‘%?op dispensing
or by spin 1 seating. d hestirface teated ransparentImalddesning pattgrnegl reliefstitetures can be

aligned over the resist mixture. The, mold can then be lowered into ith. 1 ist mixture
thereby disPRIETHG thB EsidtTAxtdre s order ?(t)C Tl Gip the vo%as b%%égg%gﬁpﬁ%éﬁaﬂems and
( _

trapping theresisholduredn theémprintated in oxygen plasma (100RF, 200
' torr)} fbr 10 min. After plasma-treatment, the mold éan be-
10 cleaned by piranha solution at 140° C for 2 ‘hours,

. followed by iinsing with deionized water and blow drying

by nitrogen stream.

The process may comprise the step of depositing the

15 resist mixture on the. substrate surface. The depositing
step .may comprise the step of drop dispensing. The
depositing step may comprise the step of spin coating.
When the resist mixture is drop dispensed, the voclume of

the resist mixture dispensed can vary by any amount,

20 e.g., £from between; 1 uL and 20 uL. A resist material
comprising an polymerizable organometallic compound,
e.g., a metal acrylate or metal methacrylate, gsuch as
titanium  (IV) tetraacrylate or  titanium (IV)
tetramethacrylate, may be deposited by spin coating the

25 resist material on the substrate surface. A resist
material comprising a metal 3-butenoate, such as titanium

(IV) tetra(3-butenoate), may be deposited by spin coating

or drop dispensing on the substrate surface.

30 After the resist mixture has been deposited on the
gubstrate surface, the mold can be brought into contact
with the resist mixture surface at a given pressure. The
pressure with which the mold is brought in contact with

the resist mixture will depend on a number of factors,
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patterns. Irradiation V\_/ith UV light through the side of the mold that is not in contact with the resist
_rmxtgre cures the resist mixture to form an imprint structure. The mold is then separated from the
imprint structure 20 leaving an imprint structure (that is complementary toe the imprint patterns on the -

mold). A short halogen etch can be used tq clear any remaining_thin webs qf is d resist
material. TREAboFE pFitest taA P fehed edt(ﬁﬁ:' a%ﬁlse}esn a“rlegg of the éaajbgst;gi:[%ir% (?Lr er to 25 form

imprint strygturesdhrongheudtthesubstrate sifacey rief DESeripticioOf Orawingsen TRe

accompanying drawings._illustrate a djsclgsed embodiment and.serves. to in.th mciples of the

30 disclos@&}gn%%lairﬁ’éﬂt;ltl?ftoaﬁ)@ hﬁ%rs 5o A %W{%(\D/eéé t#zgt Sﬂﬁeg %Wﬁ%@i%‘(g%e%%%%d for

purr]poses of llustratiansenly, iaagunet as a Tefinitiorl df thes linsilsloftbé inentiomain FHg. 1is a

-~ schematic diagram representing the overall process of deyvelopi atier '
nanosthuctGrES BTy, ¥ tepicts t]ﬁeést%%?m%é%&lrﬁgtrig %ﬁé%/s%gég Ut"%/%-élgrge%n{?t{a%i%?ng\%nyl (TiVi)

resist mixtuie sFiguP@x) showsthe phiatotkffereritial difitat seaniimy taloridkedicasay st of the TiVi

resist mixture. _ :
patterns on the mold.

The viscosity of the resist mixture varies depending

10 on the composition of the mixture, but generally can be
between 1 mPas and 10 mPas, and can be as high as 20 mPaé
depending on the metal content. Hence, the viscosity can

range from about 1 mPas to about 20 mbPas.

13 The resist mixture can comprise between about 95% to
about 99% by weight of the polymerizable organometallic
compound and about 1% to about 5% by weight of the
radical initiator. The resist mixture may £further
comprise a polymerizable olefinic compound. In such

20 embodiments, the polymerizable organometallic compound is
present between about 30% to about 70%, about 30% to
about 60%, about 30% to about 50%, or about 40% to about
50% by weight of the resist mixture. The_polymerizéble
olefinic compound can be present in about 30% to about

25 70%, about 30% to about 60%, about 30% to about 50%, or
about 40% to about 50% by weight of the resist mixture.
The resist mixture may comprise about 30-60% by weight of
the polymerizable organometallic compound, about 35-65%
by weight of at least one polymerizable olefinic

30  compound, and about 1-5% by weight of  the radical

initiator.

The processes disclosed herein are not limited to

any type of lithography process and are denerally
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10Fig. 3 shows he infrared analysis of the vinyl- terminated titanium complex, TiVi resist mixture
before UV exposure and the mixture after UV exposure. Fig. 4 shows Scanning Electron Microscope
(SEM) 15 images of imprinted structures on TiVi resist films. Fig. 4(a) and 4(b) are SEM i mages (30k
magnification) of 100nm imprinted lines, and t he imprint structures displaying significant shrinkage to

30nm after‘?‘%%%i‘r%%]ﬂ%@nt}?esepe%ti\'/elﬁﬁiﬁbﬁéﬁ‘%ﬁaﬁg LA ERARF SRR im £5EP 30k and 50k
magnificatigpyespectively) b dLpmimpsinted pilkwsmand thenmprint structwiesdslisglaying significant
shrinkage to 60nm after heat treatment, respectively. 25Fig. 5 shows the X-Ray diffractograms of
imprinted sktiefifé€S after undergoing heat treatment at 400C, 450C, 500C, and 550C. Fig. 6
shows a digital photograph image of a 5 field 30 step and flash imprint using TiVi resist mixture on a 4
inch (102mm) silicaon wafer. Detailed Description of Drawings Fig. 1 is a schematic diagram

representing the ovafall BFSSEE%f §&7tloBing PaE&net hetatddde ndhbsftditres e initial
dispensing step:108 inyolvassthe daposiioreefta resishmixiuke llpfromn wegispending lipda onto a

substrate material 2. Tlie substrate mat r'alk_% nsists of a planarizing layer.2a on a silicon wafer 2b.
10A subsed@BHtTHEId- ﬁﬁ&?%ac%lﬁ}’acgéd 5 eﬁp?IOlio%cuSrg%v ea%e_glt&' e G

rahsparent oid 3's brought into
contact undeiprassurenwith the resigioniktiwé lbod hecpatterndes fhesthold:3=are cénseljaently filled

with the resist mixture Ib. A cuyring step 101 is then carried qut, where 15 UV rays 4 are. applied
through thesr%%ﬁ}tg Bnto the’e e%%g%itederégi’st mqlgﬁure %O%at%safﬁg 16 Jérclﬂqdif?/rln g%ol)%%%%zing_ step
103. Aimold cermbuing stEpd 04isthen<arfiedate®@0 Aceorsirgyrthe molbtkB idesmavet, leaving

roating StoR S S Bt 1o mper i T Bucbie S foraiion SR batied mat oacs
nanostructures &s whicikarertne ZFhexite Igrnraithelimprintedicarrostdiciuree Seontact
with the resist mixture, thereby displacing the resist
mixture in order to £ill up.the voids between the im?rint"
15 patterns and trapping the resist mixture in the imprint . . .. ..
patterns. Irradiation with UV light through the side of
the mold that is not in contact with the resist mixture
cures the resist mixture to form an imprint structure.
The mold is then separated from the imprint structure
20 leaving an imprint structure (that is complementary to
the imprint patterns on the mold). A short halogen etch
can be used to clear any remaining thin webs of
undisplaced resist material. The above process can be

repeated on a different area of the substrate in order to

25 form imprint structures throughout the substrate surface.

Brief Description Of Drawings
The accompanying drawings illustrate a disclosed
embodiment and serves to explain the principles of the
30 disclosed embediment. It is .to be understood, however,
that the drawings are designed for purposes of
illustration only, and not as a definition of the limits

of the invention.
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Examples Example 1: Preparation of formulation for use in S-FIL 30 Titanium-vinyl monomer,
possessing a terminal vinyl group, was synthesized by mixing titanium n-ethoxide (Stream Chemicals)
and 3-butenoic acid (Sigma Aldrich) in a molar ratio of 1:4. Ethylene glycol diacrylate (Sigma 35 -
Aldrich) and isobutyl acrylate (Sigma Aldr'ﬁh were adged to the resultant re(;édish brg\ﬂln solution in
various ratios. To tHig 1-5wt A Bf abhdtSRtRTHE.g. 2 Ay A Bxy SSRETR T propiophénone from
Sigma Aldriehs agu1l- Swbde oka flugrinaledalanomer (ggrbterned metal oxide
3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-heptadecafluorodecyl methacrylate from Sigma Aldrich) were
added. Theé =B RINGYREHIURT vinyl solution was termed "TiVi resist". This overall formulation was used
in S-FIL after a partial removal of the ethanol present in the resist 10 was carried out by subjecting the

resist tg) a vacuum drglfing2 rocesas Exam Iet%gr%%aration of TiIO2 ggjr]gstyl% r}gs through SFIL 15

Firstly,"silicon subStritesa %)clea%% C\:I\FI piranha Solution at 140 C for 2 hours; fc’ojll%we by washing
with deionizad-waterdartc lawi dnyingilya nitfigén) stressi sEhensotistrates afiplacédin a drying oven
to remove any 20 remaining moisture on the. surface, The.di il% fg]ﬁ%%g suhstrates are
between 50:8MMT aeﬁgezo% goné.sl‘llg'hee sificon sﬂbgﬁl ésjg %v_lerreE g%ﬁer g‘lictly uti |zg%, or used with :a 2
nm thick adiesibnspromdtintheodtingl 268edendiyitheunelds (quartz molds with treated

10 "~ Fig. 3 shows the infrared analysis of the vinyl-
terminated titanium complex, TiVi resist mixture before
UV exposure and the mixture after UV exposure.

Fig. 4 shows Scanning Electron Microscope (SEMf
15 images of imprinted structur@s'on“TiVi resist films. Fig.
4(a) and 4(b) are SEM images (30k magnification) of 100nm
_imprinted lines, and the imprint str&ctures displaying
significant shrinkage to 30nm after heat treatment,
respectively. Fig. 4 (¢} and Fig. 4(d) are SEM images (30k

20 and 50k magnification, respectively) of 100mm imprinted
pillars, and the imprint structures displaying

significant shrinkage to 60nm after heat treatment,

respectively.

25 Fig. 5 shows the X-Ray diffractograms of imprinted
structures after undergoing heat treatment at 400°C,

450°C, 500°C, and 550°C.
Fig. 6 shows a digital photograph image of a 5 field

30 step and flash imprint using TiVvi resist mixture on a 4

inch (102mm) silicon wafer.
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silane surfaces) are treated in dxygen plasma (100RF, 200 torr) for 10 min. After the
plasma-treatment, the molds are cleaned by piranha solution at 140 C for 2 hours, followed by rinsing
with deionized water and blow drying 30 by a nitrogen stream. After drying, the molds were treated to

have a self-assembled monolaye &%SAM%M multilayer erfluorodec Itrichlorosilane (FDTS) using a
SAM coater. The sﬂamzaﬂor?ﬁ & 58&?&’&5{1‘3}% e R¥EEERergy of the mold. This in turn

ensures that 35 ariean mold-remoyal presess iy beiashieved. thpmoldsconainedyarious imprint
forming surfaces such as lines, plllars dimples, etc. with dimensions jn a rangg—;‘5 of bet\/r%leen about 50

nm and 506 RT3 Aspﬁé?cﬁasl e |n|ﬁ Vcﬁ&ﬁ@?s‘ﬁg SBRP IOV E5i5istEE of depSSitiag the resist
“material Ib fiafava ghispensingtip siontd asubstratéieatenal2 ¢e. g quartzy glassvedransc, or

Indium-Tin-Qxide_glass etc.). 10A subse uent mold/s bstrat 1(::’ongacting step, 101 was then carried
out, where 5@%@%3?&& o B%asabrougEHt ifto'¢ conLé G T ungler prassuré wﬁ% A The resistmaterial Ib.
The patternsi@f theanold:3:wereaconsdgaiently éillechwith the tesist mixttive [b,avbrish s tygpically a
mixture of %HS ¥%@%léﬁch%mlcal com&ounds mcludmg a %mX@fﬁA 1 5

g ayer a oIl a

silicon wafer 2b.

10 ' A subsequent mold-substrate contacting step 101
occurs where a transparent mold 3 is'brought into contact
under pressure with the resist mixture 1b. The patterns
of the mold 3 are cbnsequently filled with the resist
mixture 1b.: A curing step 101 is then carried ocut, where

15 UV rays 4 are applied through the mold .3 onto the
deposited resist mixture 1b, causing it to solidify in a

polymerizing step 103.

2 mold removing step 104 is then carried out.

20 Accordingly, the meold 3 is removed, leaving imprinted
nanostructures 5 on the substrate material 2. The
imprinted nanostructures 5 undergo a heat treating step

105 at a suitable temperature to enablé the formation of

the patterned metal oxide nanostructures 6, which are the

25 oxide form of the imprinted nanostructures 5.

Examples

Example 1: Preparation of formulation for use in S-FIL

30
Titanium-vinyl monomer, '.possessing a terminal vinyl
group, was synthesized by m1x1ng titanium n-ethoxide
{Streaﬁ Chemicals) and 3- butenoic ac1d (Slgma Aldrich) in
a molar ratio of 1:4. Ethyviene glycol diacrylate (Sigma
35 Aldrich) and iscbutyl acrylate (Sigma Aldrich) were added
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curing step were applied material Ib, step 103. A mold Accordingly, 101 was then carried out,
where_UV rays 4 through the mold 3 onto the deposited resist causing it to solidify in a polymerizing
removing step 104 was then carried out. the mold 3 was removed carefully, leaving the imprinted
nanostructures 5 on the substrate material. 2. The im§rinted nanostructures 5 thenr ggggrwent a heat

|
25 treatir_lgts’:'t’ep B8 at Ees%ﬂ%\ﬁ%mﬁcﬁgﬁﬁs?e.gbg o 400CT 6" Shablé the formation of patterned
metal oxide sanestructtses:GiEheinprintieg wals carriethoubusing atioprinng30 machine (Imprio

100, Molecular Imprints Inc., Austin, Texas, USA). With refefence to.Fig. 1, the following were carried
Outmthe&Vgﬁﬁpﬁ¥kgégeﬁ%y%nﬂﬁgg%?pheno&e grom E%gma Algrléﬂ? %B%WHQ

5 wt% of a fluorinated monomer (eg.
5 3,3,4,4,5,5,6,6,7,7,8,8,9,9,10{10,10—heptadecafluorodecyl
methacrylate from Sigma Aldrich) were  added. The
resulting titanium vinyl solution was termed “TiVi
resist”. This overall_formulation was used in S-FIL after
a partial removal of the ethanol prééeﬁflin”the_reSist
10 was carried out by subjecting the resist to a vacuum

drying process

Example 2: Preparatioh of TiO, nanostructures through S-
_ FIL
15

Firstly, silicon substrates are cleaned with piranha

" solution at 140 °C for 2 hours, followed by washing with
deionized water and blow drying by a nitrogeh gtream. The
substrates are placed in a drying oven to remove any

20 remaining moisture on the surface. The dimensions of the
silicon substrates are between 50.8mm and 203.2 mm. The
silicon substrates were either directly utilized, or used

with°a 2 nm thick adhesion promoting coating.

25 Secondly, the molds (quartz molds with treated
silane surfaces) are treated in oxygen plasma (100RF, 200
tbrr) for 10 miﬁ. After the plasma-treatment, the molds
are cleaned by piranha solution at 140 °C for 2 hours,
followed by rinsing with deionized water and blow drying

30 by a nitrogen stream. After drying, the molds were
treated to have a self-assembled monolayer (SAM) [or
multilayer] of perfluorodecyltrichlorosilane (FDTS) using
a SAM coater. The silanization treatment helped to reduce
the surface enefgy of the mold. This in turn ensures that

35 a clean mold-removal process may be achieved. The molds
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mixture Ib was drop dispensed on to the desired fields followed by imprinting with a quartz mold 3. The
volume of the resist mixture Ib dispensed varied between 1 /LL and 20 gL depending on the field size.
The imprinting force used was between 1 N and 10 N. The resist Ib was allowed to fill inside the mold

patterns up to 120 s before being exposed to UV rays 4, in order to allow complete filling. The resist Ib
was exposetbforaied 2081ndfe HIRTESHKT B AR L afge SWEIERTEMOTEIST tAE moldSSgave rise to the

imprinted SHYGHILES, ,10%1@@@@9 yield of ;93% was pbserved-after,mold- remeyal was carried out.:
Any defectS may be eliminated by using another newly fabricated mold with a good anti-sticking layer
on it and fuRREMBRIEe8YOBHMELatiBh. Fercctil/erihe imprinted structures to.the metal oxide 15 form 6,
or Ti02, the imprinted structures were subjected to a heat treating step 105 at temperatures in the
range of about 400-700 C in a furnace in air, In some instances, to convert the imprinted structures to

the mefal oxide fofifi 6, 2807 e imprinte@Rtrutittéd frbre 20°RIHEURE to SH5Eat thdting step 105

from a tempeyatre f 40Q.€. 105200 & ati akeating rate 81 40 Chinine I somerinstaress, the imprinted
structures are heat treated at 450 C for 1 hour to foim the patterned metal oxide structure. This results

in volume sRAARSGE ARG th& BB folmatiBhtdt Tig2. BXRRERASThiRktriAtion%f reSisP The resist was
characterizeg #reugh thergnl analysrsand30 Feardenitranstiarm ndragad #sT-HR)spectroscopy.
Results from the:theimal gravimetric analysis (TGA, TA Instruments Q100, USA) and scanning -
calorimetric analysis are shown in Figs. 2a and 2b, respectively. The photo-polymerized TiO2 resist

- was supjected to thersiggsavimeatic asakigisbeA) it erdesin soderstansititsomassllosabehavior. The

TGA shows two distinct re%ﬂons of almost equal mass loss: a |oss bféwgenWZ%CbSrgnd 1§O C, which is
most likely GHET0 FR*detBthpisition BIIAE aflyl-FiRaioRAR et titRitt orpiex, And S firther loss
between 200r€ and &ROC re iy fromahedass of Drganitenatertal éronmmtiesresest, fiblally leading to

10.696 oxid%?%asidue#Fi ure 2%).g£|is ir%érigogd ”100 agregn}l%nt wi(tar%1 ca]gcuﬁtgg v%l ehof -10 wti.
Photo-DSCETdig8 5 ﬁ}%ﬂﬁoi reSiar SHOWS that it takes About 45 Seconds o completle y cure the
resist in UViradiatiers (fRgure2bjiifee aly/-fumctichalized titapilinatdmplex gankbeeshighiy light
absorbing complex ge.g. dark broawn 15 colorl)mand hencelthgre is a loss of .UV radiation;gue to
P variou Fhem:tca io5qEpepnds,” including “a polymer. :
absorption by the"compléx’in the TiOZ resist.
curing step 101 was then carried out, where UV rays 4
were applied through the mold 3 onto the deposited resist
material 1b, causling it to solidify in a polymerizing
_ step 103.
20
A mold removing step 104 was then carried out.
Accordingly, the mold 3 was removed carefully, leaving
the imprinteainanostxuctures 5 on the substrate material
2. The imprinted nanostructures 5 then underwent a heat
25 treating step 105 at a suitable temperature (e.g. above

400°C) to enable the formation of patterned metal oxide

nanostructures 6.

The imprinting was carried out using an imprinting

30 machine {(Imprio 100, Molecular Imprints Inc., Austin,
Texas, USA). With reference to Fig. 1, the following were
‘carried out in the overall process. The Tivi resist
mixture 1b was drop dispensed on to the desired fields

followed by imprinting with a quartz mold 3. The volume
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FT-IR spectroscopy showed the infrared (IR) absorbance band between 1600 and 1680 cm (Fig. 3)
Upon UV light 20 irradiation, the double bond intensities were greatly diminished showing the o
occurrence of polymerization in this system. The polymerization resulted in a hardening of the resist,

allowing the onginmant of the,metallic clompeniwthin epobupeianatwericand enapiing the 25
conversion of the resultant structure to TiO2 by a further heat-treatment process. Example 4:
Characterizatibn 29 theITiG2pandstngtures dévelopéd 30 The #RanosthRtuiePsFBGthife- and

post heat ieglmentp Exaile BUSIE Sl CharaE alzeq USRS CAOIGEIasl aRsICIoscopy

(SEM). Figs. 4(a) and 4(b) respectively show the imprinted line and pillar 35 nanostructures before the
‘heat treatneht predessoFigel 14(c) bmeliaid) rebpectivel damctREMansstrudilres #dmSFigs. 4(a) and
4(0) alfer updergaingiaaldreaimeat i omdhasisuak gamparisamof figeanosuduresin the

t

micrographs, It is observed that the nanostructures 5 shrank after the heat treatment. X-ray diffraction

(XRD) studismeéss alsd Eakisaout Shehetfshttfeatt tHT AIMSFORAEEMith T3Vi Pesist °he results

from the XRDtudigs arg-shawa infaigs 8.t was ddrfeynd Hat anatasechO2anas-formed when the
heat-treatment
the mold 3 gave rise to the imprinted structures.

10 An imprinting yield of ~95% was observed after mold-
removal was carried out. Any defeets may be.eliminated by
using another newly fabricated mold with a good anti-
sticking layer on it and further process optimization.
To convert the imprinted structures to the metal oxide

15 form 6, oxr TiO,, the imprinted structures were subjected
to a heat treating step 105 at temperatures in the range
of about 400-700° C in a furnace in air. In some’
instances, to convert the imprinted structures to the
metal oxide form 6, or TiO,;, the imprinted structures were

20 subjected to a heat treating step 105 from a temperature
of 400° C to 700° C at a heating rate of 10° C/min. In

- gome instances, the imprinted structures are heat treated
at 450° C for 1 hour to form the patterned metal oxide
structure. This results in volume shrinkage and the

25 formation of TiQ;.

Example 3: Characterization of resist

The resist was characterized through thermal analyses and
30 PFourier Transform Infrared (FT-IR) spectroscopy. Results
from the thermal gravimetric analysis (TGA, TA
Instruments Q100, USA) and scanning calorimetric analysis

are shown in Figs. 2a and 2b, respectively.
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was carried out in the range of about 450 C to 550 C. Furthermore, in 'using a two.probe
measurefm.er!t, the electrical resistivity of the TiO2 thin film was measured 15 and found to be 2.3 x 102
Ocm. This is in good agreement with commonly reported values of TiO2 thin films, which is generally in

the range of102 (o0 0.0 Thesiraciye iadex (4) e anatases O binewyas found to be 22 +

0.02. Thi§ value is very close to the reported 20 value (q = 2.3), suggesting the desirable optical
characteristics whalye avA@EAL The ARALIE.Snd Flheskdf PeiatdR THOS%Hin MR hrepared at

450 C and p50 C yere analyzed ysing $he, 25 Atemic Ferge MigieseppyFMaAgitantd¥anoindenter
G200 with DCM 11, USA) nanoindentation method. The load was applied at a constant strain rate of

0.05 s untilthgidsith FfacheBoRE 2000, TRE Mol and haRfiesBHatE frereextracted from a

depth gangg of 8:3Q A It was 3R feunehthat the film Joimed at 4561E passesseda ansilus and
hardness of 87.2 + 7.9 GPa and 4.51 + 0.76 GPa, respectively. These values of the film formed at 550
. C were fouRd to Beeslighlty Heréassc-r96. 21284 9 GPEHMLE's6 TB6EPa, @8Pectfely. These

values are Hhrther loss between 200° ¢ and 500° C resulting from the -
loss of organic material from the resist, finally leading
to io.é% oxide residue (Figure 2a). This i1is 1in good
10  agreement with the calculated value of ~10 wt%. Photo-DSC
studies of the Ti0, resist shows that it takes about 45
seconds to completely cure the resist in UV radiation
(Figure 2b). The allyl-functionalized titanium complex
can be a highly light abscorbing complex (e.g., dark brown
15 color), and hence there is a loss of UV radiation due to

absorption by the complex in the TiO; resist.

FT-IR spectroscopy showed the infrared (IR} absorbance
band between 1600 and 1680 cm® (Fig. 3) Upon UV light
20 irradiation, the double bond intensities were greatly
diminished showing the occurrence of polymerization in
this system. The polymerization resulted in a hardening
of the resist, allowing the containment of the metallic
element . within the polymeric network and enabling the
25 conversion of the resultant structure to TiO, by a further

heat- treatmént process.

Example 4: Characterization of the TiO, nanostructures
developed

30
The nanostructures of both pre- and post-heat treatment

in Example 2 were visually characterized using Scanning
Electron . miCroscopy {(SEM}.  Figs. 4{a) and 4 (b)
regpectively show the imprinted line and pillar

35 nanostructures before the heat treatment process. Figs.
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line with values suggested in the literature, and suggested the presence of a TiO2 thin film with
excellent mechanical strength. 5 An Imprio 100 (Molecular Imprints, Inc., USA) was used to pattern the
TiOz resist in two.steps. First, the resist was deposited on a silicon wafer by direct drop dispensing.
The volume of drops.was locally adjusted according to the pattern to be imprinted. After 10 dispensing,

the templaté Coht@nRg4 oD nagsTRAGES EapEcEame h1)Was PRERHTHOtHESRuidBnomer and

held for 12Q:s at a pressuref 5PPUMbartafill alhekibg Jeatyres Secepdathediprintmaterial was
photopolymerized by broadband UV-light irradiation 15 through the transparent template for 120 s,

followed bytdgmoldirtiahe RIMMBRIORceseref8tind FGBE H T Hge™s-18™. THIE process was

stepped anﬁgggggtg%iyg,timg% A digitalpheioiraage depieting-the irrmmmﬂ@ﬁems@é a macroscale
is shown in Figure 6. The 20 obtained yield was estimated optically to be >9596. Applications Among
the mahy fcﬁﬁ?éaélfklitﬁ@&r%ﬁh?kﬂ%eﬁ%gth%r%@%ﬁpment of nanostructures, a combination of factors

gives S-FIL an inherent advantage in its potential for fine layer to layer alignment, which is necessary

for the fabrication of multilayer devices. 30S-FIL uses a rigl%j, og&'cally transEa&ent n?:old to imprint
features at fel&tvelfibhr EarstaRtteripRPatufF Y SPof tempratre} Aht applied preddures

(generally <69 KRa): Thewnakdisterions eauseday-aiffarentiakthaimal expansion arglrot an issue in
~ S-FIL since the mold and substrate are not heated, unlike in theal.im%[intinggith an .

FurthesmoreS#EHoH frimthgidtasstite of St SAiloftsimSrRtiNgG on britlle suBstrates, and reduces
distortion causesdby flexurahs geternmtionswafthéoralddrenbstratee heat-treatment

was carried out in the range of about 450° C to 550° C. -

Furthermore, in wusing a two probe measurement, the
electrical resistivity of the TiO, thin film was measured
15 and found to be 2.3 x 10° Q. cm. This is in good agreement
with commonly reported values of TiQ, thin films, which is
generally in the range of 10° to 10° Q cm. The refractive
index (n) of the aﬁatasa TiQ®, thin film wag found to be
2.2 4+ 0.02. This wvalue is wvery close to the reported
200 value {(n = 2.3}, suggesting the desirable opticai

characteristics of the material.

The modulus and hardness of the anatase Ti0; thin £ilm
prepared at 450 °C and 550 °C were analyzed using the
25 Atomic Force Microscopy (AFM, Agilent Nanoindenter G200
with DCM II, USA) nanoindentation method. The load was

1 uyntil the

applied at a constant strain rate of 0.05 s
depth reached was 200 nm. The modulus and hardness data
were extracted from a depth range of 8-10 nm. It was
30 found that the film formed at 450 °C possessed a modulus
and hardness of 87.2 + 7.9 GPa and 4.51 i 0.76 GPa,
respectively. These values of the f£ilm formed at 5530 °C
were found to be slightly increased to 96.2 + 11.2 GPa

and 5.56 + 1.06 GPa, respectively. These wvalues are in
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The metal-containing resist formulation of the present disclosure is suitable to be used in S-FIL,
enabling efficient, high-throughput direct 10 nanoimprinting. Also, the feature size of the imprinted
structures is decreased upon a heat treatment process which converts the as-used resist formulation

into a metal oxide product, which gives rise to smaller feature sizes than the as-imprinted structures. In
this regard 115\the diigaentategmcy FHSIEEtREY b Bs hightas +i¢ ARAES SAligridgd

nanostructwes of sueh acquracydaay be used in theglevelopment af gas:3ensqess biesansors,
micro/nanoelectromechanical systems (MEMs or NEMSs), and electrochromic displays. 20 Further to

this, the higrestirrkage offers8H e currently disclosed method results in ultra-thin residual layers
that can be removed by a simple de-scumming process. This is advantageous for nanoimprinting, as
the 25 residual layer is often undesirable, especially for pattern transfers to substrates (in which the

imprintéd okidle3 TRIAE® atlis AMRIaTHASY. HHRTEESrd, RS resiStL miRRioH &M Btuned to

produce regidugldayers igssthan SPsunawhich, aftebshiinkage, resuks 30 iHleatuees etless than 10
nm. This could have significant commercial potential because advantageously, sh-rincg?é;e allows

patterning 88 larGEPSSHE Fitth PRss BxpeRdivEIRaid. adFEhcce to %rr%/ﬁﬁatio Pfeatures

dispensing. The volume of drops was locally adjusted
according to the pattern to be imprinted. After

10 dispensing, the template containing 100 nm gratings:
~ (aspect ratio = 1) was pressed into the liquid monomer
and held for 120 s at a pressure of 500 mbar to fill all

of the features. Second, the imprint material was
photopolymérized by broadband UV-light  irradiation

15 through the transparent template for 120 s, followed by
demolding. The demolding forces were found to be in the
range 5-10 N. This process was stepped and répeated five
times. A digital photoimage depicting the imprinted
patterns at a macroscale is shown in Figure 6. The

20 obtained yield was estimated optically to be >55%.

Applications

Among the many forms of lithography used for the

25 development of nanostructures, a combination of factors
gives S-FIL an inherent advantage in its potential for
fine layer to layef alignment, which is neéessary for the

fabrication of multilayer devices.

30 S-FIL uses a rigid, optically'rtransparent, mold to
imprint features at relatively low constant temperature
(e.g. room temperature) and applied pressures (generally
< 6.9 KPa). Thermal distortions caused; by differential

thermal expansion are not an issue in S-FIL since the
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below 40_ nm is not technically available to other immersion photolithography tools, and.only very slow
beam_wrltlng techniques could compete.  The currently disclosed method can also be used for direct
texturing of a functional oxide surface. For example, direct patterning of indium-tin-oxide (ITO)

substrates fay.be cagried gyt in e develpment ofiglectiarles {grightemiting diodgs {LEDS),
organic LEBs, Solarcells, etc. [n a 8|t|on, the direct 10 patterning of light extraction structures or the
developmennpfrphdatinis ciystatewithpbivthe Fsershammmsigh-vactom, etéhing B¥ Ehehiigal
development steps may also be pogsiple viathe use of {he disclosed methiod and thejnembodiments.
15 It will be apparent that various other modifications and adaptations of the invention will be
apparent tcstidesiersor skilleahd thestuafer rebidifthielforegGinyg ThistloSite WikBdktddparting from

the spigi_t ang %%%fi%%%webpvgﬂgoglg@g itys intepded that all such modifications and adaptations
come Within the scope of t [ [

_ e appended claims. Claims 1.A process for making a patterned metal
oxide structure comprising the step of heating an imprint structure comprising a polymerized

organometallic compoundte ramaye organic material and therebyforay said patsernedugetal oxide
structure, wherein the imprint structure is formed by polymerizing a resist mixture comprising at least

one olefinidpsigrefizaBlescompodrd 16%anda] &riz&fle d§anbietallid Bondund:having at
least one carhoxylate, of Formyad; Fermula 1 15 whetgin fris dolgisind direct

10 nanoimprinting. Also, the feature size of the imprinted
Structu:es- is decreased upon a heat treatment process
which. converts the as-used resist formulation into a
metal oxide product, which gives rise to smaller feature
sizes than the as—imprinted.structuxes. In this regard,

15 the alignment accuracy in S-FIL may be as high as 210 nm
(30); Aligned nanostructures of such accuracy may be used
in  the development of gas sensors, biosensors,
micro/nanocelectromechanical systems (MEMs or NEMs), and
electrochromic displays.

20 _

Further to this, the high shrinkage offered by the
currently disclosed method results in ultra-thin residual
layers that can be removed by a simple de-scumming
process. This is advéntageous for nancimprinting, as the

25 . residual layer is often undesirable, especially for
pattern transfers to substrates (in which the impriﬁted
oxides would act as a hard mask). In this regard, the
regist formulation can be tuned to produce residual
layers less than 50 nm, which, after shrihkage;lresults

30 in features of less than 10 nm. This could have
significant commercial potential because advantageously,
shrinkage allows patterning on a larger scale with a less
expensive mold. Such access to the formation of features

below 40 nm is not technically available to other
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each R is independently selected from the group consisting of hydrogen, alkyl, alkenyl, alkynyl,
cycloalkyl, cycloakenyl, aryl and aralkyl; or at least 20 one acetoacetate of Formula 2: Formula 2
wherein mis 0-12; 25 n is 0-12; A is -(C=0)- or a bond; B is -(CR2)mO-, -(CRZCRZO)m or a bond; and

each R is independently elect d mth rou co S|st|n f rogen kgl ke alkynyl,
cycloalkyl, WE{) 5&&%% & y? an ara a§f§{ ﬁroc%gs oci alﬁngg paﬂftglejvrvnéB %etal oxide

structure cemprising ﬁhecsteps;uéséa):pmymemm@awe&st mixture, while in contact with a mold having
imprint forming patterns thereon, 5 to thereby form an imprint structure comprising the polymerized
organometallic compound, said resist mixture comprising at least one olefinic

polymerizableconprundantapdljyediatiéargdnomdtatid compoahamabﬁ!lglmﬁ?éhsf—@ﬁe

locarngylgteo Eor@ a:%rﬁ%%mmafl a functional oxide surface. For

example, direct patterning of indium-tin-oxide (ITO)
substrates may be carried out in the development of
electrodes for 1light emitting diodes (LEDs), organic
LEDs, solar cells, 'etc.-'AIn addition, ‘the direct
10 patterning of light extraction structures or the
‘development of photonic crystals without the use of any
high-vacuum, etching or chemical development steps may
also be possible via the use of the disclosed method and
their embodiments.
15
It will be apparent that various other modifications
and adaptations of the invention will be apparent to the
person skilled in the art after =xeading the foregoing
disclosure without departing from the spirit and scope of
20 the i_nventioﬁ and it is intended that all such
| modifications and adaptations come within the scope of

the appended claims.
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wherein 15n is 1-12; and eéach R is independently selected from the group consisting of hydrogen,
alkyl, alkenyl, alkynyl, cycloalkyl, cycloakenyl, aryl, and aralkyl; or at least one acetoacetate of Formula
2. 20 Formula 2 wherein mis 0-12; n is 0-12; 25A is -(C=0)- or a bond; B is -1CR2)mO-,.
-(CR2CR20)m-, or a bond; and each R is independently selected from the group consisting of
hydrogen, alkyl, alkenyl, alkynyl, cycloalkyl, cy€fomkmsyl, aryl, and aralkyl; and . (b) heating said imprint
structure to remove organic material and thereby form said patterned metal oxide structure. 53.The

process of claim 1Jr°.r 2, Vﬁhergef%gé}éjspoﬁ’o@e%mi d TSS';%%&%&C&?“HQ%%% Irradiafiag said resist
mixture. 4. The process of claimwherein sali irradiating comprises UV irradiating.
structure comprising the step of heating an imprint
5 structure comprising a polymerized organometallic
cbmpound to remove organic material and thereby form said
patterned metal oxide structure, wherein the imprint
structure ig formed by polymerizing a resist mixture
comprising at least one olefinic polymerizable compound

10 and a polymerizable organometallic compound having at

least one carboxylate of Formula 1:

Formula 1
15 wherein
n is i-12; and
each R 1 1independently selected from the group
consisting of hydrogen, alkyl, alkenyl, alkynvl,
cycloalkyl, cycloakenyl, aryl, and aralkyl; or at least

20 one acetcacetate of Formula 2:

Formula 2

wherein
m ig 0-12;

25 n is 0-12; )
A is ~-(C=0)~- or a bond; B is =~ {CR,);0-, -{(CRCR.0)pn~-, Or a
bond; and each R is independently selected from the group
consisting of hydrogen, alkyl, alkenyl, alkynyl,
cycldalkyl, cycloakenyl, aryil, and aralkyl.

30
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5. The process of claim 1 or 2, wherein said resist mixture further-comprises a radical initiator. 156.The
process of claim 5, wherein said radical initiator is a photo-initiator. 7. The process of 'claith 6,
wherein said photo-initiator is selected from the group consisting of 20 benzoins, benzils,
benzophenones, acetophenones, and diaryl iodonjum salts. 8. The process of clajm 1 or 2,
further comprising’the stdp BERSSTERtinG Shid FELLHHixfire RS SLBSFat @S5 3hra¥E % 9. The
process of glaim & wherekngaid slepgsiting stegemprises the step of drop dispensing. 3010. The
process of claim 1 or 2, wherein said heating step is undertaken at a temperature of at least 400C.

11. The process of RlaifALEMS WiRdisth Said GRtRl Plvhesabld'ComBodrit i§ ¥Ri&tEd to decrease
the viscosity of the;iegistamixsure. bl {the prasess.ef dairmidgwhereir saidl isnosiyof said resist
mixture is in the range of 1 mPas to 20 mPas, 13. The process of claim 1 or 2, wherein said 10
organometallic colrfpobRGTOMpriEeEE rictarSWECES rBhthe grotp EoRGEhT 8PGrtp IV metals,

. Group V metals, oupnéiipetals, &reupommesals iGroupoxipaeials, ansGrbup € netals of the

Periodic. Table of Elements.. 1514. The pracess of claim 1 fr 2, \Q/hereicr; the metalfog(ide. resent in said
patterned metal o4& Siitture EEERECHEFHDm th%%roup dondisting 6 Fi02, Zf02 F&2031 Nb205,

and Ta205. polymerizable compound and a polymerizable
| - organometallic compound haviﬁg at least one
10 carboxylate of Formula 1:
R 0
R# O/g
e R

Formula 1
wherein
15 n is 1-12; and -
each R 1ig independently selected from the group
consisting of hydrogen, alkyl, alkenyl, alkynyl,
cycloalkyl, cycloakenyl, aryl, and aralkyl; oxr at

leagt one acetoacetate of Formula 2:

o 0O R
RR
\_/ B
: R oA " R
20 R _ R
Formula 2
wherein
m is 0-12;
n is ¢-12;
25 A is -(C=0)- or a bond; B is - {(CRz}u0-, - (CRzCR:0)y~,

or a bond; and each R is independently selected from
the group consisting of hydrogen, alkyl, alkenyl,
alkynyl, cycloalkyl, cycloakenyl, aryl, and aralkyl;

and
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2015. The process of claim 2, wherein said olefinic polymerizable compound is selected from the
group consisting of alkyl acrylates, alkyl methacrylates, fluoroalkylacrylates,fluoroalkylmethacrylates,
ethyleneglycoldiacrylate,polyethyleneglycol 25 diacrylates, ethylene glycol dimethyacrylate,
polyethylene glycol dimethacrylates, alkyl vinyl ethers, and fluoroalkyl vinyl ethers. - 16. The
process of claim 1(&r 2, WhafeiSaid 38 blymefREbRtorgaHonEtafit CompBundi§&edtted from the

group consisting of fitarium( Wk ielat3-butepoate) rzirsepiM @M )iptragibatenoaie)siran | tri(3-
butenoate),neodymiumglI)tri(3-butenoate)-, tantalum(V)penta(3-buenoate),titanium(IV)tetra[(2-
(methacryloyloxy) 8yt acetbaeetaté)f itaNitif(IV)oxoide bis[(2-(methacryloyloxy)ethylacetoacetate)],
zirconium(lV)tetra[(2-(methacryloyloxy)ethyl acetoacetate)], iron(lIDtri[(2-(methacryloyloxy)ethyl 5 '
acetoacetate)1,neodymium(liNtri[(2- _ _ S )
5 3. The 'process of claim 1 or 2, wherein said
polymerizing said resist mixture comprises Iirradiating

gaid resist mixture.

4. The  process of claim 3, wherein said

10 irradiating comprises UV irradiating.

5. The process of claim 1 or 2, wherein said

resist mixture further comprises a radical initiator.

15 6. The process of claim 5, wherein said zradical o

initiator is a photo-initiator.

7. The process of claim 6, wherein said photo-
initiator 'is selected from the group consisting of
20 benzoins, benzils, benzoph@hones, acetophenones, and

diaryl iocdonium salts.

8. The process of claim 1 or 2, further comprising“
the step of depositing said resist mixture on a substrate

25 surface.

9. The process of claim 8, wherein said depositing

step comprises the step of drop dispensing.
30 10. The process of claim 1 or 2, wherein said

heating step is undertaken at a temperature of at least

400°C.
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(methacryloyloxy)ethylacetoacetate)], tantalum(V)penta[(2-(methacryloyloxy)ethyl acetoacetate)],
titanium(1V) tetra(allyl acetoacetate), iron(lll) tri(allyl acetoacetate), neodymium tri(allyl 10
acetoacetate), and tatalum(V) penta(allyl acetoacetate). 17. The process of claims 1 or 2,
wherein said patterned metal oxide structure has features on the nanometer or micrometer scale. 15

18. The process dfhany dieeof BAsTRBEdiIRiclafme Wherkin S4id resistHikiTe Torfifrises 30-60% by
weight of sgig.pglymerizable-prganomataliic sapwernd, 85-6580 by weight of aldeastzone
polymerizable olefinic compound, 20 and about 1-5% by weight of said radical initiator. 19. A
process forfermifss plirklity of palte s retalfbikide $tfuctures comprising the steps of: (a)
polymerizing a resist mixture, while in contact 25 with a mold having imprint forming patterns thereon,
to thereby form an imprint structure comprising the polymerized organometallic, comgognd on a first
area ofa substraté 2said T@ﬁs%ﬁ&ﬁ@%tﬁﬁp%ﬁd‘&t fehst SHEDR 'ﬂics&ﬁéngﬁzsafbcfe tompound and a

30polymerigable 91ganemetakic sampauad having atdrast easgarkoxyatendffoimolad® Formula 1
wherein n is E%-12; and ; -
_ mPas.

13, fhe process' of claim 1 or 2, wherein said

10 organometallic compound comprises a metal selected Ifzrom

the group consisting of Group IV metals, Group V metals,

Group VIIT metals, Group X metals, Group XI metals, and
Group XII metals of the Periodic Table of Elements. '

15 14. The process of claim 1 or 2, wherein the metal
oxide present in said patterned metal oxide structure is
gselected from the group consisting of Ti0;, Zxr0;, Fey0;,

szOs, and Tas0s.

20 15. The process of claim 2, wherein said olefinic
" polymerizable compound is selected from the group

consisting of alkyl acrylates, alkyl methacrylates,

fluoroalkyl acrylates, fluoroaikyl methacrylates,
ethylene glycol diacrylate, = polyethylene giycol
25 diacrylates, ethylene glycol dimethyacrylate,

polyethylene glycol dimethacryiates, alkyl wvinyl ethers,
and fluoroalkyl vinyl ethers.

16. The process of c¢laim 1 or 2, wherein said
30 polymerizable organometallic compound is selected from

the group consisting of titanium(IV) tetra (3-butenocate},

zirconium (IV) tetra (3-butenoate) , iron(III1) tri {3~
butenoate), neodymium{III) tri {3-butenocate),
. tantalum(V)penta (3-buencate),. citanium (IV) tetral{2-
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- 5each R is independently selected from the group consisting of hydrogen, alkyl, alkenyl, alkynyl, -
cycloa]kyl, cycloakenyl, aryl, and aralkyl; or at least one acetoacetate of Formula 2: Formula 2
wherein or a bond; B is -(OR2),0- -(OR20R20)m-, 15 or a bond; and each R is independently selected

from the group consisting of hydrogen, alkyl, alkenyl, alkynyl, cycloalkyl, cycjoakenyl, aryl, and aralky!;
(b) heating Sefcr st SevERIFe 'GH-5d fi?scfemac‘:a\:ée%’?g femdve Grgan E%X?e‘?%?é% thereby form -

208aiddpatts£rg$p( %ei@flfgj?@citnggm%ﬁ@f)%ﬁmt area; and (c) repeatingsteps éa)ard (b) on a
second area of said substrate in order to form said plurality of i
RSN B L U PUTAILY Of o e c BTSSPt O de structures

acetoacetate)], iron(III) tril(2-(methacryloyloxy)ethyl
5 acetoacetate)], _ neodymium (III) trif(2-

(methacryloyloxy)ethyl acetoacetate}],

tantalum (V) pental (2- (methacryloyloxy)ethyl

acetoacetate)], titanium(IV) tetra(allyl acetoacetate),

iron(IIi) ”fri(allyl acetoacetate), neodymium tri(allyl

10 acetoacetate), and tatalum(V) penta(allyl acetoacetate) .

i7. The process of claims 1 or 2, wherein said
patterned metal oxide structure has features on the
nanometer or micrometer scale.

18. The process of any one of the preceding claims,
wherein said resist mixture comprises 30-60% by weight of
said polymeriiable organometallic compound, ~35-65% by -
weight of at least one polymerizable olefinic compound,

20 and about 1-3% by weight of said radical initiator..

19. A process for forming a plurality of patterned
metal oxide structures comprising the steps of:
(a) polymerizing a resist mixture, while in contact
25 with a mold having imprint forming patterns thereon,
to thereby form an imprint structure comprising the
polymerized organometallic compound on a first area
of a substfate, said resist mixture comprising at
least one olefinic polymerizable compound and a
30 polymerizable organometallic compound having at

least one carboxylate of Formula 1:
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10

15

20

25

Formula 1 -

wherein

n is 1-12; and’

each R 1is independently selected from the group
consisting of hydrogen, alkyl, alkenyl, alkynyl,
cycloalkyl, cycloakenyl, aryl, énd aralkylfu.ér at

least one acetoacetate of Formula 2:

o o |
RR| R
o/ B
R 0 AT TINZR
R R
Formula 2

wherein
m is 0-12; .
n is 0-12;
A is -(C=0)- or a bond; B is - (CRy)q0-, - (CR:CR:0)n-,

or a bond: and each R is independently selected from
the group consisting of hydrogen, alkyl, alkenyl,
alkynyl, cycloaikyl, cycloakenyl, aryl, and aralkyl;

(b) heating said imprint structure on said firét
area to remove organic material and thereby form
said patterned metal oxide structure on said first '
area; and _

(¢) repeating steps (a) and (b) on a second area of
said substrate in order to form said plurality of
patterned metal oxide structures throughout the

substrate.
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